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General Introduction
Chapter1
Flooding is a stress for most terrestrial plants. It causes economic damage 
by impairing the harvest due to the low levels of flooding tolerance in most 
crops (Setter and Waters, 2003). Flooding also shapes natural ecosystems in 
flood-prone areas by changing species community structure (Silvertown et at, 
1999). Due to global warming the distribution of precipitation is predicted to 
change, resulting in a higher likelihood of flooding in the near future, at least in 
particular regions (Palmer and Rälsänen 2002; Pfister et ai, 2004; Lehner et al., 
2006). Floods in European river forelands are typically unpredictable and may vary 
greatly in timing and duration (Nabben et a!, 1999). Such floods often comprise 
complete submergence of the shoot, and thus impose strong adverse effects on 
the growth of the majority of terrestrial plants.
Generally, flooding has such a negative effect on plant growth mainly due to 
the consequences of the much slower gas diffusion in water than in air (Jackson, 
1985). Entry of oxygen into plants is limited under water, and thus aerobic 
respiration can be hampered (Gibbs and Greenway, 2003), leading to energy 
deprivation. Entry of carbon dioxide (CO2) is also restricted under water, leading 
to limited rates of photosynthesis (Mommer et a!, 2006a) which would normally 
generate oxygen and carbohydrates. Light intensity may be reduced and the 
spectrum may also be changed by flood water (Holmes and Klein, 1987), which 
further hampers photosynthesis (Mommer et at, 2005a). In addition, 
accumulated soil compounds and compounds produced by microorganisms can 
reach toxic concentrations for plants (Ponnamperuma, 1984). Therefore, flooding 
can severely reduce plant growth, eventually causing plant death (Jackson and 
Armstrong, 1999), and thus is likely to be a strong selection pressure in habitats 
where it occurs frequently.
Terrestrial plants living at low elevation along rivers are likely to be 
subjected to flooding, and have specific adaptations to survive in these habitats. 
To avoid negative impact of flooding, plants may complete their life cycles in 
between flooding events, and survive flooding as dormant seeds (van der Sman 
et at, 1992). When plants encounter floods during their growing season, 
generally there are two strategies to survive flooding, either by escaping or by 
tolerating flooding (Bailey-Serres and Voesenek, 2008). To tolerate flooding, 
plants need to manage their energy use to prevent death before the flood 
subsides. This means down-regulation of non-crucial energy-consuming 
processes, such as growth (van Dongen et al., 2009), and also use of alternative 
oxygen-independent respiration pathways such as fermentation (Gibbs and 
Greenway, 2003). To escape flooding, plants usually elongate their shoots to 
restore contact with the air above the water surface (Ridge, 1987; Kende et al., 
1998; Jackson, 2008). To facilitate diffusion of air from the emerged shoots down
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to the root system, plants can develop aerenchyma, which are internal gas ducts 
(Colmer, 2003). Some plants develop a barrier to radial oxygen loss in the root 
system to prevent oxygen from diffusing to the surrounding soil (Colmer, 2003). 
Newly formed leaves under water are often thinner and orientate chloroplasts 
towards the epidermis to reduce the diffusion distance of CO2 taken up from the 
water (Mommer and Visser, 2005). Taken together, these traits improve gas 
exchange and hence photosynthesis and aerobic respiration.
Plant species occurring along a gradient of flooding regimes vary greatly in 
flooding tolerance, most likely as a result of natural selection for specific sets of 
adaptations in response to the various prevailing flooding regimes (van Eck et al, 
2004; Voesenek et at., 2004). Similarly it can be predicted that, within species, 
populations occupying habitats differing in flooding regimes may also differ in 
flooding-tolerance traits, which leads to among-population variation and may 
ultimately give rise to the evolution of locally adapted ecotypes. 
Within-population variation, on the other hand, provides the base for the above 
mentioned selection processes to act upon, and thus leading to 
micro-evolutionary changes (Bone and Farres, 2001). However, little is known 
about naturally occurring intraspecific variation in the expression of traits 
improving flooding tolerance, even though this variation forms the basic 
pre-condition for adaptive flooding tolerance to evolve. It was reported in 
several studies that populations from habitats differing in flooding regimes had 
different morphological and metabolic characters in response to flooding 
(Keeley, 1979; Lessmann et at., 1997; Lynn and Waldren, 2003), indicating a 
potential for population differentiation in flooding-induced traits. However, 
studies on naturally occurring intraspecific variation in flooding-induced shoot 
elongation are rare, even though this trait is important for plants exposed to 
frequent but shallow floods (Voesenek et at, 2004).
As indicated above, shoot elongation is an important trait for plants to 
escape adverse flooding conditions. It is clearly linked to benefits that increase 
the chance of survival and fitness (Pierik et at, 2009). However, elongation also 
involves costs in terms of energy and carbohydrates for cell division and 
elongation (Voesenek e t at., 2004). Plants may die from energy exhaustion due to 
elongation before reaching the water surface (Das et at, 2005). Therefore, 
flooding-induced shoot elongation is suggested to be only beneficial under 
specific flooding regimes (Setter and Laureles, 1996; Voesenek et at, 2004). It has 
been shown that flooding-induced elongation is a selectable trait in crop 
breeding (Khush, 1997). It has also been found that the balance between costs 
and benefits of a given elongation response is environment-dependent, as rice 
varieties differing in elongation response have different performance depending
13
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on the flooding regimes (Jackson and Ram, 2003).
The degree of plastic shoot elongation is the product of past selective 
forces and present flooding conditions. Moreover, it may also be affected by the 
growth conditions plants experienced prior to the onset of submergence (e.g., 
Groeneveld and Voesenek, 2003). Under natural conditions plants are exposed to 
a fine maze of micro-environmental conditions characterized by different light 
and nutrient conditions (Ballare et ai, 1988; Farley and Fitter, 1999). These 
conditions affect growth and resource status of plants, and thus affect the 
potential of plants to respond to submergence. As elongation requires resources 
and underwater gain of these resources is limited, plants will largely depend on 
the energy and carbohydrates stored before the onset of flooding (Groeneveld 
and Voesenek, 2003). In addition, the responsiveness of plants to a stress at later 
developmental stages may be limited by plasticity induced at earlier 
developmental stages (Weinig and Delph, 2001). In this context, shoot elongation 
upon submergence may also be limited by the elongation of the same organ 
earlier in the plant's history, induced by different signals such as low light, or by 
prior investment of the plant into other parts than the shoot, such as roots to 
forage for nutrients.
Intraspecific variation may also provide a tool for determining the crucial 
regulatory steps in flooding-induced shoot elongation. This response is known 
to be regulated by the interplay of several plant hormones. Ethylene as a gas is 
trapped within plants upon submergence (Voesenek e t at, 1993). Enhanced 
ethylene levels lead to decreased abscisic acid (ABA) levels (Benschop et al., 2005), 
which in turn releases the negative effects of ABA on the growth-promoting 
hormone gibberellin (GA; Benschop et al, 2006). Increased GA levels and 
responsiveness then leads to cell elongation, and finally to shoot elongation. 
Comparing plants of the same species which differ in their capacity or speed of 
flooding-induced shoot elongation will help to determine steps in the signal 
transduction pathway responsible for the fine-tuning of this response. Finding 
these steps may potentially reveal where natural selection may have taken place.
Rum ex paiustris is a wetland species exhibiting strong shoot elongation 
upon submergence (Voesenek et al, 1990). It occurs not only in river floodplains 
which are periodically flooded, but also in areas with rather stagnant water levels. 
Even within the floodplains, floods can differ greatly in terms of intensity and 
duration (Nabben et al, 1999; Vervuren et al, 2003). Because of the differences in 
flooding regimes among populations in different habitats, genetic variation in 
flooding-induced shoot elongation can be expected as a result of different 
selection pressures, because this trait can be crucial for survival in certain 
habitats. Therefore, R  paiustris is an excellent model to study intraspecific
14
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variation in flooding-induced shoot elongation. Current molecular-physiological 
knowledge on R  paiustris provides the opportunity to elucidate the mechanism 
of such variation, and being a natural species makes it possible to identify past 
natural selection which led to such variation.
AIM OF THIS THESIS
The project underlying this thesis aims at elucidating the basis for genetic 
intraspecific variation in flooding-induced petiole elongation in Rum ex paiustris. 
It was hypothesized that there is such variation, and that it is likely caused by 
variation in habitats differing in natural flooding characteristics. Variation in 
flooding-induced elongation responses is hypothesized to enable plants to show 
an optimized phenotypic response to specific flooding regimes in different 
habitats, and to be achieved by variation in the activity of key regulatory 
components in the signal transduction pathway. The research will reveal how 
small differences in the signal transduction chain can lead to differences in 
petiole elongation, and result in different performance in response to specific 
flooding regimes. This thesis aims at bridging the gaps between the fields that 
study signal transduction, genetic variation in the expression of 
flooding-induced elongation and its ecological consequences.
OUTLINE OF THE THESIS
We first investigated in chapter 2 if variation of flooding-induced petiole 
elongation exists within and among populations of R  paiustris. Twelve natural 
populations from different habitats were fully submerged for over two weeks. 
Petioles, laminas and roots were harvested separately to measure traits related 
to elongation and plant growth. This study provided the basis for the following 
chapters of this thesis, and the subsequent experimental work has been based 
on the results that were obtained here. In chapter 3 we examined whether there 
are different fitness consequences under different flooding regimes resulting 
from varying flooding-induced elongation responses. Two fast-elongating and 
two slow-elongating populations selected from the 12 populations investigated 
in chapter 2 were subjected to eight treatments combining the effects of 
flooding frequency, duration and depth in an outdoor experiment that lasted for 
six months during the growing season. Survival, leaf length and plant biomass 
were measured to determine the correlation between elongation responses and 
plant performance. In chapter 4 we assessed how robust flooding-induced 
petiole elongation is, i.e. whether the degree of plasticity depends on the 
conditions experienced by plants prior to flooding - in other words: if 
flooding-induced phenotypic plasticity itself is plastic. Three populations were
15
Chapter 1
grown under four combinations of light and nutrient conditions prior to being 
subjected to complete submergence. The extent of shoot elongation of these 
plants was measured as well as plant biomass. In chapter 5 we elucidated 
fine-tuning mechanisms from submergence to petiole elongation that help us to 
understand variation within the species. We focused here at carbohydrate and 
hormone status under drained and submerged conditions of two extreme 
accessions in terms of flooding-induced shoot elongation rates. Finally, chapter
6 provides a summary of and general discussion on the results from the 
preceding experimental chapters.
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ABSTRACT
Intraspecific variation in flooding tolerance is the basic pre-condition for 
adaptive flooding tolerance to evolve, and flooding-induced shoot elongation is 
an important trait that enables plants to survive shallow, prolonged flooding. 
Here an investigation was conducted to determine to what extent variation in 
flooding-induced leaf elongation exists among and within populations of the 
wetland species Rum ex paiustris, and whether the magnitude of elongation can 
be linked to habitat characteristics.
Offspring of eight genotypes collected in each of 12 populations from 
different sites (ranging from river mudflats with dynamic flooding regimes to 
areas with stagnant water) were submerged, and petioles, laminas and roots 
were harvested separately to measure traits related to elongation and plant 
growth.
We found strong elongation of petioles upon submergence, and both 
among- and within-population variation in this trait, not only in final length, but 
also in the timing of the elongation response. However, the variation in 
elongation responses could not be linked to habitat type.
Spatio-temporal variation in the duration and depth of flooding in 
combination with a presumably weak selection against flooding-induced 
elongation may have contributed to the maintenance of large genetic variation 
in flooding-related traits among and within populations.
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INTRODUCTION
Flooding is a common and widespread natural phenomenon, and has severe 
negative effects on growth of terrestrial plants, mainly due to the slow gas 
diffusion in water as compared with air (reviewed by, amongst others, Visser and 
Voesenek, 2004; Bailey-Serres and Voesenek, 2008). The reduced entry of oxygen 
into the plant when submerged leads to inhibition of aerobic respiration, and 
thereby to shortage of ATP. Ultimately, this may result in death of cells in 
non-adapted plants (Jackson and Armstrong, 1999). Flooding often reduces light 
intensity and changes the light spectrum (Holmes and Klein, 1987), and, moreover, 
imposes strongly reduced CO2 availability (Mommer e t at., 2006a), causing low 
photosynthesis and thus low carbohydrate gain. Therefore, flooding is likely to 
be a strong selection pressure in habitats where it occurs frequently, such as in 
river floodplains, especially during the growing season.
Species that are regularly subjected to flooding have evolved a range of 
physiological and morphological adaptations to survive. Glycolysis and 
fermentation supply the flooded, anaerobic plants with energy to maintain basic 
metabolic processes (reviewed by Sauter, 2000). Aerenchyma formation improves 
transport of gases within the plant (Colmer, 2003), whereas newly formed 
narrower and thinner leaves facilitate gas exchange between the shoot and 
water when submerged (Mommer et al., 2005b) and thereby increase survival 
(Mommer et al, 2006b). Finally, vertically orientated petioles (Voesenek and Blom, 
1989a) and stimulated stem or petiole elongation (Ridge 1987; Voesenek et al, 
1993; Kende et al., 1998) may eventually bring leaves to the water surface to 
re-establish gas exchange with the atmosphere.
It is well known that plant species differ widely in their ability to express 
such flooding-induced traits and hence in their flooding tolerance. This leads to a 
zonation of species differing in flooding tolerance along flooding gradients (van 
Eck et al, 2004; Voesenek et al, 2004). Artificial selection has shown that 
flooding-induced elongation is a selectable trait in crop species and that rice 
varieties differing in elongation response differ in performance depending on 
the flooding regime (Jackson and Ram, 2003). However, little is known about 
naturally occurring intraspecific variation in expression of traits needed for 
flooding tolerance, even though this variation forms the basic pre-condition for 
adaptive flooding tolerance to evolve. Previous studies indicated that 
populations from habitats differing in flooding regimes may display different 
morphological, photosynthetic and metabolic characters (Keeley, 1979; Lessmann 
et a!., 1997; Lenssen et al., 2004; Huber et al., 2009), suggesting that there is a 
potential for population differentiation in these flooding-induced traits. 
Surprisingly, few data are available on naturally occurring intraspecific variation
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in flooding-induced shoot elongation, a trait that is one of the most important 
characteristics of wetland plants in habitats where they frequently become 
shallowly submerged (Voesenek e t al, 2004).
Such phenotypic plasticity, i.e. the ability to change the phenotype in 
response to the environment, is an important feature of plants. These responses 
may result in increased plant performance in heterogeneous conditions, and 
have been the focus of research for the last decades (Bradshaw, 1965; Schlichting, 
1986; Sultan, 2000; Schmitt et al, 2003). However, the degree of genetic variation 
in plasticity and selection of plasticity in natural habitats still remain largely 
unresolved (van Kleunen and Fischer, 2005). So far, only a limited number of 
studies have attempted to study the variation among populations in traits that 
are assumed to be important during flooding (Huber et al, 2009). It can be 
hypothesized that, comparably with the responses to shade (Dudley and Schmitt, 
1995; Petit and Thompson, 1998; Donohue e t al, 2000; Maloof et al, 2001; von 
Wettberg et al, 2008), the potential of shoot elongation in response to flooding 
will differ depending on the environmental conditions characterizing a given 
habitat. In the few experimental studies on variation among populations in 
flooding-related traits, typically a small number of genotypes were used, or no 
significant differences were found. For example, Keeley (1979) reported that 
plants of the hardwood species N yssa sylvaticathat originated from floodplains 
were similar to upland plants in drained conditions, but very similar to swamp 
plants in flooded experimental conditions, in terms of root morphology, 
metabolism, oxygen transport and nutrient uptake. Lenssen and co-workers 
(2004) compared lakeside and landside genotypes of the clonal species 
Ranunculus reptans and found that carbohydrate use efficiency did not differ 
between microhabitats, and also that genotypes from the lakeside had, 
unexpectedly, lower root aerenchyma content than those from landside habitats. 
Here we investigate whether flooding-induced shoot elongation in Rum ex 
paiustris depends on the original microhabitat conditions.
The wetland species R. palustrisis an annual or biennial plant that occurs in 
river floodplains characterized by periodic flooding events, or areas with rather 
stagnant water. When completely submerged, R. paiustris plants position their 
leaves from rather horizontal to almost vertical and elongate their petioles 
rapidly to restore contact with the atmosphere (Voesenek et al, 1990; Cox et al, 
2003). So far, research has focused on flooding-induced petiole elongation of R. 
palusfrisoriginating from one single population (reviewed in Peeters et al, 2002). 
However, R. paiustris lives in a variety of semi-aquatic habitats where frequency, 
duration and depth of flooding can differ widely (Nabben et al, 1999; Vervuren et 
al, 2003). Genetic variation in the expression of flooding-related traits and, more
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particularly, expression of enhanced leaf elongation can be expected as a result 
of natural selection, since the flooding-induced leaf elongation is crucial for 
survival in specific habitats characterized by shallow and prolonged temporal 
flooding (Voesenek et ai, 2004).
It is unclear whether genetic variation exists in flooding-induced leaf 
elongation, and whether variation in the flooding regime has led to population 
differentiation. Using seeds collected in 12 populations of R. paiustris, 
characterized by a range of flooding regimes, the within- and among-population 
variation in flooding-induced leaf elongation was investigated. We specifically 
tested whether flooding-induced leaf elongation depended on habitat 
characteristics (river floodplains with fluctuating water levels vs. areas with 
relatively stagnant water). Two parts of leaves, the petiole and lamina, contribute 
to total leaf elongation (Voesenek and Blom, 1989b), so we also investigated 
whether variation of leaf elongation was due to responses of the petiole or the 
lamina, or a combination of both. Depending on the type of flooding regime, 
selection on immediate and strong response vs. slow elongation response may 
take place (Voesenek et al, 2004). Both responses may eventually lead to the 
same final length. It is thus expected that variation among populations may be 
expressed not only in total leaf length but also as variation in kinetics, i.e. the 
magnitude or the timing of this growth response, or both. Since elongation 
responses may have an optimal developmental window in time, with different 
elongation potential of leaves differing in developmental stage (Groeneveld and 
Voesenek, 2003), the response of older and younger leaves was compared. 
Furthermore we examined, as a plant fitness estimate, plant biomass 
development.
MATERIALS AND METHODS 
Plant Growth
Rum ex paiustris Sm. is mainly found in mudflats in the river floodplain, but 
also in areas characterized by standing water. Seeds typically germinate in 
non-flooded conditions in the autumn. Plants survive winter as vegetative 
rosettes, restart growing in the spring, flower in the summer and set seeds in 
the autumn. Long-lasting and/or deep spring and/or summer floods during the 
growing/flowering season can prevent plants from completing their life cycle in 
the same year, and may delay flowering until the next year.
Seeds of R. paiustris were collected from eight randomly selected mother 
plants from each of 12 natural populations in The Netherlands (Fig. 1, Table 1) at 
least 1 year prior to the experiment, and directly used in this experiment. The 12 
populations were found in two habitat categories. The first category
21
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Fig. 1. Schematic overview of The Netherlands with the 12 sampling sites indicated in 
dynamic riverine and stagnant habitats, as indicated.
encompasses river floodplains where plants were flooded due to periodic rising 
river water level (up to 4 m). Populations from the second category were 
subjected mainly to stagnant water, which may rise slightly (10-20 cm) after local 
heavy rainfalls. Although R. palustrlsis largely self-pollinating (X. Chen, pers. obs.), 
wind pollination also takes place in open fields, and the seed families collected 
from different mother plants within a population were thus assumed to differ 
genetically and are therefore referred to as genotypes for the remainder of the 
manuscript. Genetic variation therefore refers to differences in trait expression 
among seeds collected from the different genotypes. The seeds were 
germinated on filter paper moistened with tap water (each genotype in a
22
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Table 1. Description of the habitats of the 12 sampled populations of Rumex palustris.
Population Habitat description
Location and 
co-ordinates
1
Category 1, floodplain, clay bank in direct contact with the
Doornenburg
51°53'08.36''N,
06°00'57.33''E
main river bed, with strongly fluctuating water levels
2 Category 1, floodplain, clay pit at the foot of the winter dyke, Culemborg
predominantly soil flooded, with temporally higher water 51°57'28.13''N,
levels 05°12'15.36''E
3
Category 1, floodplain, mostly soil-flooded mudflats,
Waardenburg
51°49'16.54''N,
05°14'50.79''E
occasionally flooded by river water
4 Category 1, floodplain, mostly soil-flooded bank of a former Ewijk
river bed that connects to the main river bed during high water 51°52'45.20''N,
levels 05°44'51.77''E
5
Category 1, floodplain, bank of an older clay pit, infrequently 
flooded by river water
Deest
51°53'38.81''N,
05°39'33.07''E
6
Category 1, floodplain, bank of a recently dug clay pit, behind
Millingenwaard
51°52'29.62''N,
06°00'30.23''E
7
a natural levee and infrequently flooded by river water
Category 1, floodplain, recent clay digging area at the foot of
Wamel
51°52'06.52''N,
05°26'16.73''E
the winter dyke, at some distance from the river
8
Category 2, polder area that has not been taken into
Lelystad
52°26'13.48''N,
05°24'28.90''E
agricultural use, flooding depends on local precipitation
9
Category 2, impounded former salt marsh with little water
Dinteloord
51°37'37.77''N,
04°15'58.62''E
level fluctuation, along previous tidal creeks
10
Category 2, bank of an artificial lake with managed water
Oostvoorne
51°55'04.88''N,
04°04'02.99''E
level and little fluctuation
11 Category 2, shallow water body in a rural area, recent Almere
population on flooded soil, deeper flooding depends on local 52°24'29.07''N,
12
precipitation 05°18'58.69''E
Category 2, recently dug pits in a future industrial area,
Kampen
52°33'58.57''N,
05°52'18.33''E
flooding depends on local precipitation
These 12 populations were found in two habitat categories. The first category 
encompasses river floodplains where plants were flooded due to periodic rising river 
water level. Populations from the second category were subjected to mainly stagnant 
water, which may rise slightly after local heavy rainfalls. A ll sampling sites are 
located in The Netherlands.
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separate Petri dish) in a germination cabinet for 10 d [12 h light, 20 Mmol m-2 s-1 
photosynthetic photon flux density (PPFD), 25 °C, and 12 h dark, 10 °C]. 
Homogeneously germinated seedlings were transplanted singly into plastic pots 
(300 mL), containing a mixture of sieved potting soil and sand (1 : 1, v:v), and 
grown until the fifth oldest leaf emerged (Banga et ai, 1997; for 20 d on average) 
in a growth chamber [20 °C, 60 % relative humidity, 16 h light: 250 Mmol m-2 s-1 
PPFD (sodium lamps Philips SON-T plus 600 W and fluorescent light TDL Reflex 36 
W/840R, Philips, Eindhoven, The Netherlands)]. After transplanting, pots were 
covered with transparent plastic foil for 3 d, after which the foil was removed. All 
plants were watered with tap water frequently. Each plant received 20 mL of 
nutrient solution, containing 0.8 mM KNO3, 0.6 mM Ca(NO3h, 0.3 mM MgSO*, 0.2 
mM KH2PO4, 40 mm Fe-EDTA and micronutrients 10 d after transplanting. 
Treatments
Plants were completely submerged for 17 d in ten interconnected opaque 
polyethylene basins (336 L; water column height 70 cm) in a growth chamber 
(20 °C, 60 % relative humidity, 16 h light: 130 Mmol m-2 s-1 PPFD). The basins were 
filled with tap water (pH 7.4, alkalinity 2.7 mEq L-1) which was filtered and 
circulated at a flow rate of 1.2 L min-1 to prevent algal growth. Superficial algal 
growth on pots assigned to the submergence treatment was removed before 
experiments started. Drained control plants were kept under the same light 
conditions on tables in the same growth chamber as the submerged plants and 
were watered regularly. As plasticity strongly depends on developmental stage, 
plants were subjected to treatments when their fifth oldest leaf had grown to a 
size of 5-10 mm. Four plants per genotype were selected for homogeneity with 
respect to the developmental stage of the fifth oldest leaf, and randomly 
allocated to the treatments. Since the offspring of different genotypes varied in 
growth rate, treatments started for the different genotypes at different time 
points. The total time between the first and the last groups of plants being 
subjected to treatments was 6 d.
Measurements
Petiole and lamina length from the third oldest leaf onward of both drained 
and submerged plants were measured to the nearest millimetre on day 0 and day
7 of the experiments using a ruler. Submerged plants were measured on day 7 
without de-submergence. At the harvest on day 17, shoots were dissected into 
individual leaves (petiole and lamina separated) and soil was washed from the 
roots. Digital pictures of the petioles and laminas were taken, and lengths of 
petioles and laminas and leaf area were measured from these pictures using a 
PC-based system equipped with KS400 image analysis software (Carl Zeiss Vision 
3.0, Oberkochen, Germany). Petioles, laminas, roots and lateral shoots were dried
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at 70 °C for 72 h, after which dry weights were measured.
Statistical Analyses
Data were analysed by means of three-way mixed model nested analysis of 
variance (ANOVA), with treatments and habitats being the main effects and 
populations nested within habitats and genotypes nested within populations. 
Treatments and habitats were treated as fixed effects, and populations and 
genotypes as random factors. Petiole and lamina lengths of the third to the fifth 
oldest leaves were analysed by using repeated measures ANOVA, with the leaf 
plasticity (i.e. the position of the leaf in the rosette) being treated as the 
repeated factor. The kinetics of elongation were analysed by using repeated 
measures ANOVA, with the timing of measurements (first 7 d and last 10 d) being 
treated as the repeated factor. As the rosette leaves were in different 
developmental stages and had finished a different proportion of their natural 
growth process, the latter analyses were performed for all leaves separately. In 
both repeated measures ANOVA treatments, habitat and populations were the 
main effects, with treatments being treated as a fixed effect, and habitats, 
populations within habitats and genotypes within populations as random factors. 
Correlation analyses were used to test whether petiole and lamina plasticity 
were correlated. Plasticity was calculated as the percentage of petiole and 
lamina length in submerged as compared with drained conditions. Population 
means were used for this analysis. All data were analysed with SAS (ver. 9.1, SAS 
Institute Inc., Cary, NC, USA).
RESULTS 
Responses to Submergence
Total leaf length varied between leaves that were at a different 
developmental stage at the onset of submergence and among populations (Figs
2 and 3). Both petioles and laminas contributed to total leaf length, but to a 
different extent mainly depending on leaf age and treatment. The relative 
contribution of petioles of control and older leaves was much less (approx. 15 %) 
than that of submerged and younger leaves (approx. 50 %; Fig. 3).
When the plants were submerged, both petioles and laminas responded by 
elongation growth (Table 2). Overall, submergence hardly affected lamina length 
(Table 3). However, there was a significant lamina position x treatm ent 
interaction, indicating that the response to treatments differed between leaf 
developmental stages, with younger laminas being increasingly more responsive 
(Table 2). In contrast, petioles of submerged plants were up to 6-fold longer than 
those of drained plants, with younger petioles responding significantly more to 
submergence than older petioles (Tables 2 and 3). Therefore, petiole elongation
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Fig. 2. Photographs of leaves (third to fifth oldest, left to right) of Rumex palustris 
from population 10 (A, B; slow elongator) and population 4 (C, D; fast elongator) 
after 17 d of drained (control; A, C) or submergence (B, D) treatment. At the start of 
treatments, plants were 30 d old on average, and the fifth oldest leaf had emerged and 
grown to a size of 5-10 mm. This composition has been derived from scaled 
photographs taken at harvest of separated laminas and petioles.
Control Submerged
Population 10
Population 4
50 mm
contributed much more to total leaf elongation than did lamina elongation. Final 
lengths of the submerged young leaves were 2.5 times longer than those of 
older leaves. Although young leaves displayed stronger elongation than old 
leaves, the timing of the response in old and young leaves was remarkably similar, 
being much more pronounced in the first 7 d of submergence than in the last 10 
d (Table 4 and Fig. 5). As expected, lamina length was positively correlated with 
petiole length (third oldest leaf, r = 0.802, P = 0.002; fourth oldest leaf, r = 0.817, P 
= 0.001; fifth oldest leaf, r = 0.631, P = 0.028), indicating that plants which had 
longer petioles under water often also had longer laminas.
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Fig. 3. Length of the (A) third, (B ) fourth and (C) fifth oldest petiole and lamina of 
drained (control) plants, and length of the petiole and lamina of submerged plants, as 
indicated, of Rumex palustris from 12 populations after 17 d of treatments. At the start 
of treatments, plants were 30 d old on average, and the fifth oldest leaf had emerged 
and grown to a size of 5-10 mm. Data are means ± s.e., n = 8.
Population
Table 2. Morphological responses of plants to drained or submerged conditions.
t = 0 d
t =
Control
17 d
Submerged
Third oldest petiole length (mm) 10 ± 0 12 ± 0 21 ± 1
Third oldest lamina length (mm) 39 ± 1 52 ± 1 52 ± 1
Fourth oldest petiole length (mm) <5 15 ± 0 38 ± 2
Fourth oldest lamina length (mm) <20 67 ± 1 65 ± 1
Fifth oldest petiole length (mm) Not present 15 ± 0 84 ± 3
Fifth oldest lamina length (mm) <10 77 ± 1 83 ± 2
Total dry weight (g) 0.116 ± 0.005 0.541 ± 0.016 0.099 ± 0.003
Tap root weight (g) 0.008 ± 0.001 0.164 ± 0.006 0.006 ± 0.000
Specific petiole length (m g-1) 10.0 ± 0.3 4.7 ± 0.1 14.0 ± 0.2
Specific leaf area (m2 kg-1) 33.4 ± 1.2 29.4 ± 0.2 72.7 ± 0.5
Treatment means ± s.e. (n = 12) were calculated from population means. At the start 
of treatments, plants were 30 d old on average, and the fifth oldest leaf had emerged 
and grown to a size of 5-10 mm.
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Table 3. The results of repeated measures ANOVA for the effects of treatments, 
habitat, populations and genotypes on petiole and lamina lengths of the third to fifth 
oldest leaves (leaf position).________________________________________________
d.f. F-value
Petiole length t = 17 d
Treatment 1 1488.06***
Habitat 1 1 .11 ns
Population (habitat) 10 3 77***
Treatment x habitat 1 0.35ns
Treatment x population (habitat) 10 2.34*
Genotype (population habitat) 84 5.37***
Treatment x genotype (population habitat) 83 2.03***
Petiole position 2 3672.80***
Petiole position x treatment 2 1199 54***
Petiole position x habitat 2 1.19ns
Petiole position x population (habitat) 20 1.10ns
Petiole position x treatment x habitat 2 1.93ns
Petiole position x treatment x population (habitat) 20 1.32ns
Petiole position x genotype (population habitat) 168 2.35***
Petiole position x treatment x genotype (population habitat) 166 1.31*
Lamina length t = 17 d
Treatment 1 2.39ns
Habitat 1 0 .12ns
Population (habitat) 10 0.92ns
Treatment x habitat 1 0.23ns
Treatment x population (habitat) 10 1.05ns
Genotype (population habitat) 84 13.20***
Treatment x genotype (population habitat) 83 1.91***
Lamina position 2 3380.20***
Lamina position x treatment 2 22.81***
Lamina position x habitat 2 0.50ns
Lamina position x population (habitat) 20 1.01ns
Lamina position x treatment x habitat 2 0.27ns
Lamina position x treatment x population (habitat) 20 2.48***
Lamina position x genotype (population habitat) 168 1.91***
Lamina position x treatment x genotype (population habitat) 166 1.31*
Data of petiole lengths were log-transformed before statistical analyses. F-values and 
their significance are given. Significance levels are as follows: ns, P >0.1; 
*0.01<P<0.05; ***P <0.001.
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Genetic Variation
Populations differed significantly in the response of petiole length to 
submergence treatments (Table 3). In some populations, petioles of the fifth 
oldest leaves of submerged plants were just 50 mm longer than those of the 
drained plants, whereas in another population, the petioles of submerged plants 
were almost 90 mm longer than the petioles of drained plants. In contrast to this 
submergence-induced variation, petioles of drained plants of these populations, 
and also of all other populations, had similar lengths (Fig. 4).
Table 4. Results of repeated measures ANOVA for the effects of treatments, habitat, 
populations and genotypes on the timing (first 7 d vs. last 10 d) of petiole elongation 
of the third to fifth oldest leaves.
d.f.
Third oldest 
petiole
F-value 
Fourth oldest 
petiole
Fifth oldest 
petiole
Treatment 1 190.35*** 271.08*** 416.74***
Habitat 1 1.37ns 0.70ns 0.53ns
Population (habitat) 10 3.54*** 3 72*** 2 .88**
Treatment x habitat 1 0.44ns 0 .10ns 0.69ns
Treatment x population (habitat) 10 3.11** 2.57** 3.36***
Genotype (population habitat) 84 2.38*** 2.84*** 3.34***
Treatment x genotype (population habitat) 84 2.33*** 2.16*** 2.50***
Timing 1 939.25*** 4271.72*** 3080.13***
Timing x treatment 1 70.40*** 67.90*** 283.27***
Timing x habitat 1 3.48f 0.41ns 0.23ns
Timing x population (habitat) 10 1.80f 2.81** 1.41ns
Timing x treatment x habitat 1 0.90ns 0.38ns 0.38ns
Timing x treatment x population (habitat) 10 1.89f 2.28* 1.76f
Timing x genotype (population habitat) 84 1 .1 5ns 3.05*** 2 77***
Timing x treatment x genotype (population habitat) 84 1.09ns 2 .00*** 2.43***
F-values and their significance are given. Significance levels are as follows: ns, P > 
0.1; f  0.05<P < 0.1; * 0.01 < P < 0.05; * *  0.001 < P < 0.01; * * *  P < 0.001.
Not only the leaf lengths differed after submergence, but the timing of 
elongation was also different among populations (Fig. 5 and Table 4). Some 
populations (e.g. populations 2 and 4) had a much stronger increment in petiole 
elongation in the first 7 d of submergence than did other populations, and just a
29
Chapter 2
Fig. 4. Petiole length (means ±  s.e., n = 8) of the (A) third, (B) fourth and (C) fifth 
oldest leaves of Rumex palustris plants from 12 populations after 17 d of drained 
conditions (control) or submergence. Data are redrawn from Fig. 3, in order to make 
clear the differences in how the population means change with treatment (compare the 
slope of the various lines). Populations from dynamic riverine and stagnant habitats 
are indicated.
3rd oldest petiole 4th oldest petiole 5th oldest petiole
Submerged
Treatment Treatment
Fig. 5. Increment of the petiole length (means ±  s.e., n = 8) of the (A) third, (B) fourth 
and (C) fifth oldest leaves of Rumex palustris plants from 12 populations during the 
first 7 d and last 10 d of 17 d submergence. At the start of submergence, plants were
30 d old on average, and the fifth oldest leaf had emerged and grown to a size of 5-10 
mm. Populations from dynamic riverine and stagnant habitats are indicated.
3rd oldest petiole 4th oldest petiole 5th oldest petiole
Time interval of Time interval of Time interval of
submergence treatment submergence treatment submergence treatment
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modest increment in the last 10 d. In contrast, other populations (e.g. population 
7) displayed a rather small increment in the first 7 d, but were among the fastest 
growers in the last 10 d. There was great variation among genotypes within 
populations in both lamina and petiole length and responses (Tables 3 and 4).
Habitat types did not significantly affect flooding-induced elongation 
responses, indicating that, in contrast to our expectations, plants from areas 
with stagnant water levels were not generally less responsive to flooding than 
plants originating from floodplains (Tables 3 and 4). For example, populations 12 
and 9 in habitat category 2 with stagnant water had a higher increase in petiole 
lengths than populations 5 and 6 in habitat category 1 with fluctuating water 
levels.
Fig. 6. Total dry weights (A), tap root weights (B), specific petiole lengths (C) and 
specific leaf area (D) of Rumex palustris plants from 12 populations after 17 d of 
drained conditions (control) or submergence. At the start of treatments, plants were 30 
d old on average, and the fifth oldest leaf had emerged and grown to a size of 5-10 
mm. Populations from dynamic riverine and stagnant habitats are indicated. Data are 
means ±  s.e., n = 8. Results of the two-way mixed model nested ANOVA testing for 
the effects of treatments (fixed effect) and populations and genotypes (random effect) 
on plant performance. Only significant terms are indicated in the graphs. For all traits, 
population and population x treatment were not significant. Significance levels are as 
follows: * 0.01 < P <0.05, * *  0.001 < P <0.01, * * *  P < 0.001.
Treatment Treatment
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Biomass
As a result of submergence, both total dry weight and tap root weight 
decreased, and the relative contribution of the tap root to the total biomass 
became less (Table 2 and Fig. 6A, B). Submerged plants had, on average, a 2.5-fold 
larger specific leaf area (SLA) and a 3-fold larger specific petiole length (SPL; Table 
2 and Fig. 6C, D), indicating that submerged plants had thinner and less dense 
laminas and invested less biomass per unit petiole length than drained plants.
Remarkably, unlike the significant variation in leaf lengths among 
populations, there was neither a population effect nor a population x treatment 
effect on any of these other morphological and growth-related traits (Fig. 6). All 
populations showed rather similar changes in biomass, SLA and SPL when 
submerged. On the other hand, comparably with lamina and petiole lengths, 
there was large variation among genotypes within populations (Fig. 6).
DISCUSSION
Flooding is a widespread environmental stress that can have severe effects 
on plant survival in natural habitats. Species growing in habitats which are often 
flooded have evolved a set of specific adaptations (Bailey-Serres and Voesenek,
2008). These adaptations can be fixed, such as constitutively high aerenchyma 
content in the roots (Visser et ai, 1996), or plastic, such as inducible shoot 
elongation (Voesenek et ai, 1993). The latter can bring the tip of the shoot above 
the water surface, thereby restoring contact with the air and increasing chances 
of survival (Pierik et at., 2009). We tested whether populations of the same species 
originating from habitats with different environmental conditions have evolved 
different responses, whether these responses depend on the developmental 
stage and to what extent genetic variation is maintained within populations. Our 
results are among the first studies providing evidence for the existence of a 
great genetic variation in flooding-induced leaf elongation among natural 
populations. They clearly show that although R . palustrisgenerally elongates its 
leaves in response to submergence, the degree of elongation can differ 
considerably among populations, among genotypes originating from the same 
population, among leaves produced by a single plant and also between two 
functionally different parts of the leaf.
Intraspecific Variation in Petiole Elongation  
Does Habitat Affect the Capacity to Elongate?
Plant species from riverine habitats (comparable with our populations in 
habitat category 1) with long-lasting shallow flooding are usually characterized 
by fast and strong elongation responses, whereas species from habitats with less 
frequent and short flooding (comparable with our populations in habitat
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category 2) often display delayed and less elongation growth (Voesenek and 
Blom, 1989a; Voesenek et at, 2004). We found that plants from 12 populations did 
show variation in the elongation response. However, this variation was not 
clearly linked to habitat characteristics, even though the two most responsive 
populations (2 and 4) were from riverine areas with strong fluctuations in water 
level, and the two least responsive populations (8 and 10) were not. Two of our 
populations (populations 11 and 12) may have developed just recently (i.e. in the 
last 10 years) in rural areas. The first seeds that established in these newly 
developed populations may have come from nearby populations with different 
habitat characteristics. Although flooding in these rural areas is infrequent and 
shallow, time may not have been long enough for these populations to have 
adapted to these local conditions. It would be interesting to sample plants from 
these two populations over time to see whether and in what time span selection 
shapes phenotypic traits.
Another explanation for the lack of correlation between elongation capacity 
and habitat type may be that the difference in selection pressure on the 
elongation response is not strong enough between habitats. The significant 
variation we found among populations may have been either due to random 
processes or caused by other, non-determined environmental variables 
imposing selection on elongation, such as shade (Schmitt et ai, 2003; Weijschedé 
et al., 2006, 2008; Bell and Galloway, 2008) and herbivory (Cipollini 2004; McGuire 
and Agrawal, 2005; Valladares et al, 2007).
A third factor that may have limited variation in responses is the fact that in 
the present experiment all plants were fully submerged throughout the 
experiment. Longer term experiments covering a full growing season, possibly in 
outdoor conditions, that vary the flooding duration and water depth, and also 
take into account that plants in their natural habitat may be much larger than 
the juvenile stage as used in the present experiment, may further help to detect 
initially relatively small morphological differences. It is not uncommon for such 
small differences in response to lead ultimately to large variation in plant 
performance, particularly if the target resource is distributed heterogeneously, 
such as in dense canopies (light; Pierik et al, 2003) or, indeed, during flooding 
(oxygen and light; Laan and Blom, 1990). In addition, great variation within 
populations may have blurred variation among populations, which makes linking 
variation among populations to habitats even more difficult.
Potentially, large gene flow between populations could also have resulted in 
the low interpopulation variation that was found among the populations 
sampled. However, although Rumex seeds can be transported by waterfowl 
(Wongsriphuek et al, 2008) and floodwater, it is unlikely that this comprises a
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significant proportion of the seeds present in the population, even if populations 
are only a few kilometres from each other. Most seeds fall on the ground in the 
close vicinity of the mother plant. Similar reasoning holds for the dispersal of 
pollen, particularly since R  paiustris is mainly a self-pollinator (X. Chen, pers. 
obs.).
Timing of the Elongation Response Differs among Populations.
A striking difference was found among populations in all three leaves tested 
in terms of how fast petioles elongated in early and later stages during 
submergence, but this difference did not affect final petiole length. Depending 
on the population, plants differed in their temporal elongation pattern of single 
leaves. For example, plants from population 9 achieved 98 % of their elongation 
in the third oldest petiole within the first 7 d, whereas the plants from 
population 11 reached only 74 %. The fast elongators can benefit earlier from 
improved photosynthesis, whereas the slow ones invested less in elongation, 
and may benefit if flooding duration is short. Surprisingly, all plants and all leaves 
of different developmental stages elongated considerably more in the first 7 d 
after the onset of flooding than in the ten subsequent days, making leaf 
elongation, independently of the developmental stage of the leaf, overall a 
relatively fast response to submergence. Leaves of very young developmental 
stages which were just visible at the onset of treatments could thus not 
elongate for a longer period of time than developmentally older leaves which 
had already finished most of their development prior to submergence. It may be 
that growth slowed down in time because resources for elongation growth were 
depleted while flooding continued (Das et at, 2005), or because the petioles just 
reached their physical limits (e.g. in cell length or number).
Variation of Elongation within Populations.
Environmental variation has been proposed to contribute to the creation 
and maintenance of genetic variation and influence macro-evolutionary patterns 
(Miner et at., 2005; Agrawal et ai, 2006; Hirao and Kudo, 2008), but not all studies 
were able to confirm this hypothesis (Stratton and Bennington, 1998). Possibly 
the large variation within populations of R  paiustris found in our study is 
maintained because floods are often unpredictable in essentially all natural 
habitats where we sampled. Several years may pass by without severe flooding, 
followed by one or more years with increased flooding duration and depth 
(Nabben et ai., 1999; Vervuren et al, 2003). Plants of this biennial species that 
survive better in a given year produce more seeds than others. If a certain type 
of flood occurs in successive years, there is possibly a shift in the composition of 
genotypes, as the genotypes in favour become more and more abundant. 
However, since R  paiustris forms a persistent seed bank (Voesenek and Blom,
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1992), genotypes will not be wiped out in the short term. When the type of 
flooding changes in subsequent years, other genotypes may survive better and 
produce seeds. Therefore, different plants within a population may display a 
range of elongation responses; as a result, there are always some genotypes that 
survive a specific type of flooding and produce more seeds than others. 
Spatio-temporal heterogeneity in the timing and duration of submergence may 
thus contribute to the maintenance of genetic variation within populations in R  
paiustris. Possibly, the temporal heterogeneity in each of the habitats is larger 
than the spatial heterogeneity among habitats, given the fact that the variation 
within populations is great in all plant traits investigated and the lack of link 
between habitats and elongation. This intrapopulation variation may have 
increased population performance in different flooding regimes from year to 
year (cf. Eckhart et al., 2004).
Variation in Leaf Elongation Responses w ith in  th e  Plant
Laminas Do Not Elongate Nearly as Much as Petioles.
In R  paiustris leaves, the petiole gradually broadens into an ellipsoid lamina. 
Both petioles and laminas, therefore, contribute to total leaf length. 
Consequently, elongation of both can lead to positioning of the tip of leaves 
above the water surface. When the plant is completely submerged, even though 
both petiole and lamina elongated, shoot elongation under water proved to be 
mainly achieved by elongating petioles in all populations. One reason for this 
shift may be that biomass invested in petioles per unit length is less than half of 
that in laminas (data not shown). Also, investment in petioles will not include as 
much expensive photosynthetic machinery as in laminas. Therefore, elongation 
of petioles is less costly than that of laminas, and is equally capable of bringing 
the tip of the shoot above the water surface. Once plants reach out of the water, 
a higher porosity in the petiole than in the lamina is needed to facilitate internal 
aeration.
Kinetics of the Elongation Response Differ with Age.
Despite the comparable pattern of elongation in time, young leaves 
elongated 7-fold more than old leaves, indicating that the amount of elongation 
achieved per unit of time depends on the developmental stage of the leaves. The 
ability and magnitude of responding to a specific environmental cue may 
strongly depend on the developmental stage of an organ, and plastic responses 
are characterized by an optimal developmental window in time (Voesenek and 
Blom, 1989a; Watson et al., 1995; Groenenveld and Voesenek, 2003). Different 
mechanisms may constrain the developmental window in which an organ can 
optimally respond to environmental cues. Resources for growth may be 
preferentially allocated to younger leaves (Barthélémy and Caraglio, 2007).
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Younger petioles may also be less constrained in their elongation response 
because lignification of the xylem has not been completed (Christiernin et at, 
2005), the number of cells is not fixed and cell walls are not rigid yet. Investment 
in younger leaves will also have a longer term return of benefits, as younger 
leaves have a higher photosynthetic capacity and older leaves will shed earlier. 
Conclusions
It was found that there is variation among populations in flooding-induced 
leaf elongation, not only in final length, but also in the timing of the elongation 
response, which was particularly clear in the strong elongation response of 
petioles of young leaves. This variation, however, did not correlate with the 
variation in flooding frequency and depth in the respective habitats. 
Spatio-temporal variation in the flooding regimes within habitats in subsequent 
years, in combination with a persistent seed bank, may have contributed to the 
maintenance of the relatively large variation in elongation responses which was 
found within populations.
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ABSTRACT
Flooding-induced shoot elongation enables plants to survive flooding by 
restoring contact with the air above the water surface, but is also likely to involve 
expenses in terms of increased carbohydrate use and leaf turn-over. Under 
natural conditions, flooding varies greatly in the timing, duration and depth in 
different habitats. As a result, selection pressure on the speed and magnitude of 
elongation responses may differ among habitats. We test the hypothesis that the 
relative benefits of flooding-induced elongation depends on the specific 
flooding regimes that plants experience.
Four populations of the wetland species Rumex paiustris with contrasting 
flooding-induced shoot elongation were subjected to flooding at varying 
frequency and depth in an outdoor experiment covering the growing season of 
this species. Plant survival, flowering probability, biomass allocation to different 
plant organs and shoot length were measured, and these data were correlated 
to the elongation pattern and flooding type.
At an intermediate flooding frequency plants which were allowed to benefit 
from elongation by being able to reach the water surface accumulated more 
biomass than plants which were kept below the water surface throughout the 
submergence period. When submerged at a high frequency for shorter periods, 
the plants from the slow-elongating populations accumulated more biomass 
than the plants from the fast-elongating populations. When the flooding 
frequency became low, the relative advantage of the slow-elongating 
populations disappeared, but the fast elongation did not become advantageous.
Our study linked the frequency and intensity of environmental stress to the 
fitness consequences of plastic responses to flooding stress. Both the relative 
benefits and costs associated with flooding-induced shoot elongation are the 
result of an interplay of the specific response pattern and the type of flooding, 
supporting the hypothesis that habitat characteristics can lead to population 
differentiation in flooding-induced shoot elongation.
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INTRODUCTION
Flooding is a phenomenon that many terrestrial plants are exposed to 
within their life time, and due to global warming, many locations have been 
predicted to experience floods more often and more intensively in the near 
future (Palmer and Rälsänen, 2002; Pfister et al, 2004; Lehner et al., 2006). Floods 
in river forelands are relatively unpredictable and may vary greatly in timing and 
duration (Nabben et al, 1999). Floods in European river forelands typically 
comprise complete submergence of the shoot and, therefore, impose strong 
adverse effects on the growth of the majority of terrestrial plants. Much lower 
diffusion rates of gases in water than in air cause aerobic respiration to be 
restrained underwater as a result of slow oxygen diffusion (reviewed in Visser et 
al, 2003), and underwater photosynthesis to be reduced as a result of low light 
intensities and carbon dioxide levels (Vervuren et al, 2003; Mommer et al, 2006a). 
Consequently submerged plants have only limited carbohydrates available for 
continuous respiration and growth (Das et al, 2005).
Plants growing in flood-prone areas have evolved specific morphological 
adaptations that help ameliorate or avoid the adverse effects of flooding and 
allow plants to survive even extensive periods of complete submergence. Such 
adaptations are, among others, flooding-induced formation of aerenchyma and 
adventitious roots, which facilitate internal diffusion of gases (Colmer, 2003), and 
flooding-induced elongation of shoot organs such as internodes and petioles 
(Ridge, 1987; Kende et al, 1998; Voesenek et al, 2006; Bailey-Serres and Voesenek, 
2008; Jackson, 2008). Flooding-induced shoot elongation allows plants to  
overcome flooded conditions by restoring contact with the air above the water 
surface. It has been shown for submerged deepwater rice that elongation of 
coleoptiles in seedlings and internodes of adult plants upon submergence keeps 
the tip of shoots above the water surface and thus maintain atmospheric 
contact (Sauter, 2000), while in other species elongation of leaves may serve the 
same function (Voesenek et a/., 2006; Pierik et al, 2009).
Flooding-induced shoot elongation is associated with clear benefits, since in 
addition to re-establishing the contact between shoot and air upon emergence, 
shoot elongation can improve light availability even in completely submerged 
plants (Mommer et a/., 2006a). However, elongation may also be associated with 
costs (Voesenek et al, 2004; Pierik et al, 2009), as energy and carbohydrates are 
needed for cell division and elongation. This may ultimately even cause plant 
death when energy reserves are depleted before reaching the water surface (Das 
et a/., 2005). Upon sudden deep flooding, many highly-productive rain-fed 
lowland rice varieties therefore remain quiescent in terms of growth and 
respiration, waiting for the flood to subside (reviewed in Bailey-Serres and
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Voesenek, 2008). Deepwater rice varieties, on the other hand, strongly elongate 
when flooded, and are thus vulnerable to such sudden changes in water level 
that do not allow the plant to keep up with the rising water level. Artificial 
reduction of elongation in these varieties by means of hormone inhibitors has 
been shown to increase survival rates (Setter and Laureles, 1996). An additional 
problem may be that leaves which have elongated during submergence are 
often biomechanically weaker and are characterized by a thinner cuticle. These 
leaves may die after flooding subsides, and form a cost to plants if flooding 
subsides before the increased investment into the elongated leaves has been 
paid back. Voesenek et at. (2004) hypothesized that flooding-induced shoot 
elongation is only beneficial when the floods are shallow, allowing plants to  
outgrow the rise in water table rapidly, and only when the floods have a relatively 
long duration. Under these conditions the costs of elongation are most likely to 
be balanced by the benefits of improved gas exchange and enhanced 
assimilation rates. Whether shoot elongation upon submergence will evolve, 
therefore, depends on the balance between costs and benefits of 
flooding-induced elongation under the prevailing flooding conditions.
Although for cultivated plants, especially for rice, cultivars exist which differ 
in shoot elongation and in their fitness in response to different flooding regimes 
(Sauter, 2000), until recently it was unknown whether natural variation within 
species exists for flooding-induced shoot elongation (Lenssen et al, 2004; Huber 
et al, 2009). Flooding-induced elongation can be expected to be under natural 
selection due to (i) the clear costs and benefits associated with flooding-induced 
elongation and (ii) the large habitat-specific differences in the likelihood, 
duration and depth of flooding. Different habitat-specific elongation strategies 
are thus likely to evolve in populations subjected to differences in depth, 
frequency and duration of flooding. We have recently shown among- and 
within-population variation in flooding-induced petiole elongation in twelve 
natural populations of the wetland species Rumex paiustris (Chen et at, 2009). In 
that experiment all populations showed plastic petiole elongation in response to 
flooding. However, despite similar petiole lengths under non-flooded conditions, 
there was a two-fold variation in flooding-induced petiole elongation among 
populations. In addition, the rate of petiole elongation differed considerably 
among populations as well. Some populations reached their final length within 
the first few days after submergence, whereas others elongated for a longer 
period of time. This natural variation in flooding-induced shoot elongation 
provides us with a great opportunity to experimentally test fitness 
consequences of different elongation patterns under a range of flooding 
regimes, and thus to link the net costs or benefits associated with elongation
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responses to specific flooding regimes. This will allow us to get a better 
understanding on how selection acts on flooding-induced shoot elongation.
We selected the two most responsive and the two least responsive 
populations from a previous study on flooding-induced shoot elongation (Chen 
et al, 2009) and subjected them to a range of treatments mimicking floods of 
different frequency and depth. Survival and biomass were measured as fitness 
indicators (van der Sman et al, 1993a) to test the general prediction that the 
balance of costs and benefits associated with a given magnitude and speed of 
elongation response depends on the specific flooding regime. We predicted to  
find a net benefit of elongation in conditions where leaves are able to reach the 
water surface, thereby increasing assimilation, i.e. under less frequent and 
longer flooding. In addition, we hypothesized that plants showing fast 
elongation responses have a relative disadvantage compared to slowly 
elongating plants when flooding is frequent, but of short duration, because, 
among other costs, the fast-elongation populations lose more leaf biomass after 
de-submergence. Under these conditions we expected slow elongation to be 
selected for. We found that fast-elongating populations produced less biomass 
under short and frequent submergence, and that plants reaching water surface 
had higher performance under intermediate flooding frequency. These results 
indicate that there are costs and benefits of flooding-induced elongation 
responses.
MATERIALS AND METHODS 
Plant Growth
Rumex paiustris Sm. is a terrestrial plant that generally occurs in riverine 
floodplains, but which can also be found in areas with more stagnant water 
tables. Most seeds of this species germinate in non-flooded conditions in the 
spring. In favourable conditions plants can flower in the first growing season, 
but usually they postpone flowering till the second year. Flooding in the growing 
periods often has negative effects on growth and performance, while winter 
flooding hardly affects the performance of the dormant plants (van Eck et al, 
2005).
Four populations of R. paiustris were selected from a previous experiment 
based on the leaf elongation in complete submergence for a period of seventeen 
days (Chen et al, 2009). Populations 2 and 4 in that study had the fastest 
elongation (12mm/7d for the third oldest petiole and 88mm/7d for the fifth 
oldest petiole) and therefore are recoded as fast1 and fast2 in this paper, and 
populations 10 and 8 had the slowest elongation (7mm/7d for the third oldest 
petiole and 64mm /7  d for the fifth oldest petiole) and thus are recoded as slow1
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and slow2. For each of these four populations seeds from the same eight mother 
plants were used in the current experiment as in the previous experiment. Plants 
growing from seeds of different mother plants are referred to as seed families 
for the remainder of the manuscript.
Seeds were geminated on filter paper moistened with tap water in separate 
Petri dishes for each seed family in a germination cabinet [12 h light: 10-30 Mmol 
m-2 s-1 photosynthetic photon flux density (PPFD), 25 °C, and 12 h dark, 10 °C1 for 
10 days. Seedlings were individually transplanted to plastic pots containing 300 
mL mixture of sieved potting soil and sand (1:1, v:v) and grown in a heated 
glasshouse with additional high-pressure sodium lamps (600 W) to ensure a 
minimal light period of 16 h a day. After transplanting, pots were covered with 
transparent plastic foil for 3 days to prevent dehydration, after which the foil was 
removed. Twenty days after transplanting, each pot received 20 mL nutrient 
solution containing 4 mM N, 3 mM K, 0.5 mM P, 2 mM Ca, 0.5 mM Mg, 1.75 mM S, 90 
mm Fe, 65 MM Na, 50 MM Cl, 25 mm b , 2 mm Mn, 2 mm Zn, 0.5 mm Cu and 0.5 MM Mo. 
Thirty-one days after growing in the heated glasshouse, plants were 
transplanted to 4 L plastic pots (18 cm in diameter and 17.5 cm in depth). Care 
was taken not to disturb the roots by transferring the plants with the original 
soil containing the roots to the larger pots. The pots were filled with a mixture of 
sieved potting soil and sand (1:1, v:v) and 18 g of a 1:1 (w:w) mixture of two types 
of the slow release fertilizer Osmocote to make sure that the levels of both, N 
and K, are sufficient (the first type containing 9% N, 11% P, 18% K, 2% MgO, 
micronutrients, and the second type containing 15% N, 9% P, 9% K, 3% MgO, 
micronutrients; Scotts International B.V., Waardenburg, The Netherlands). The 
slow release fertilizer used was manufactured to guarantee nutrient release at 
ambient temperature in moist soil for 8-9 months. After this second 
transplanting, plants were grown in a non-heated glasshouse to adapt to the 
outdoor conditions in the experimental garden of Radboud University Nijmegen 
(The Netherlands) for 15 days. All plants were regularly watered with tap water 
throughout the experiment.
Treatm ents
Plants were subjected to  eight treatm ents which combined different 
flooding frequencies (including different duration of individual submergence 
events; Fig. 1) and depths. The experiment was performed in outdoor basins of 
180 cm in diameter and 90 cm in depth in which plants could be submerged with 
tap water. The experiment lasted 24 weeks and all plants were subjected to 12 
weeks of submerged and 12 weeks of drained conditions. We applied 4 different 
submergence treatments mimicking different flooding frequencies (Fig. 1). 
Plants were either subjected to 2, 4 or 12 weeks of submergence that were
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Fig. 1. Schematic representation of the flooding frequency treatments. Filled space 
indicates submerged, and open space indicates drained conditions. 2W: two weeks: 
two weeks of submergence alternated with two weeks of drained condition; 4W: four 
weeks: four weeks of submergence alternated with four weeks of drained condition; 
Eraly12W: early twelve weeks: twelve weeks of submergence followed by twelve 
weeks of drained conditions; and Late12W: late twelve weeks: twelve weeks of 
submergence started after ten weeks of drained conditions. For all treatments total 
duration of submergence was twelve weeks, and total duration of drained condition 
was also twelve weeks.
A 2W
B 4W
C Early12W
D Late12W
alternated with drained conditions of the same duration. As the plant size at the 
onset of submergence is likely to affect the ability of plants to respond to  
submergence, plants were subjected to 12 weeks of submergence either at the 
beginning of the experiment or after 10 weeks. We simulated two inundation 
depths, one in which all leaves remained submerged for the entire flooding 
treatment, and another treatment where the leaves could potentially extend 
above the water surface depending on the flooding-induced leaf elongation. 
Since the basins were not deep enough to keep all the plants under water all the 
time, and deeper water columns may also lead to lower light availabilities, half of 
each basin was covered with wired netting that prevented leaves from 
emergence from the water. The netting treatment was used to simulate 
different water depths. In each half of the basin, there was one replicate of every 
seed family of every population. Four replicates per seed family per population 
were used, resulting in four basins per flooding frequency treatment. To keep
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algal growth in the water to  a minimum, w ater fleas (Daphnla spec.) were added 
once a week. As plant survival can only be assessed after plants had tim e to  
re-grow after de-submergence (van Eck et a/, 2006), plants were harvested after 
at least tw o  weeks of a drained recovery period.
Measurem ents
The experim ent lasted for 24 weeks and plants were harvested in October. 
Different traits representing different life history functions were recorded at the  
harvest. Survival and root biomass were determ ined as fitness derivatives. Plant 
leaf length was measured right before the start of the treatm ents, and twelve  
weeks after the onset of the treatm ents for plants subjected to  the early twelve  
week treatm ents and for plants subjected to  four weeks submergence 
treatm ents. For plants subjected to  the tw o weeks submergence treatm ents leaf 
length was measured fourteen weeks after the onset of treatm ents. All 
measurements were done immediately after de-submergence to  be able to  
obtain accurate measurements of the length of the longest leaf per plant. As 
harvest took place at the  end of the growing season, the biomass of roots, which 
were mainly storage roots, is a good indicator of performance in the coming year 
and of the  resources available potentially to  be invested into inflorescences. Leaf 
biomass was measured as an indicator of present photosynthetic ability and 
inflorescence w eight as an indicator of reproductive allocation. At harvest, roots 
were carefully washed free of soil substrate and plants were separated into roots, 
leaves and flowering stalks and the weights of these organs were measured after 
drying them  to constant weights at 70 °C. For a separate set of plants, petiole 
porosity was measured using the microbalance method described in Visser and 
Bögemann (2003).
Statistical Analyses
Biomass data were analysed using three way mixed model nested analysis of 
variance (ANOVA), with flooding frequency and depth and elongation type (slow 
vs. fast) being the main effects, and population nested within elongation type 
and seed family nested within populations. Flooding frequency, depth and 
elongation type were treated as fixed factors, and population and seed family as 
random factors. When higher order interactions complicate the interpretation of 
multi-factorial designs, the subgroups can be analyzed separately to  facilitate 
the interpretation of the results (Montgomery, 1997). As the  three way 
interaction flooding frequency x flooding depth x elongation type was 
significant, we analyzed each flooding frequency treatm ent separately with tw o  
way mixed model nested ANOVA. In this analysis, flooding depth and elongation 
type were the fixed factors, and population was nested within elongation type, 
and seed family were nested within populations. All biomass data were log
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transformed prior to analysis to improve the homogeneity of the variances. 
Survival data and the likelihood of flowering were analyzed with logistic 
regression. The model used in these analyses was constructed similarly to the 
model used in the analyses of the biomass data. All data were analysed using SAS 
(version 9.1, SAS Institute Inc., USA).
RESULTS
Effects o f Flooding Frequency
As anticipated, flooding frequency had significant effects on the survival of 
plants (Table 1 and Fig. 2), even though the total duration of submergence in 
different flooding frequency treatments was the same. Plants continuously 
submerged for 12 weeks had higher mortality rates than when shorter periods of 
submergence were alternated with drained conditions. Also, the response to 
submergence depended on the size of plants at the onset of submergence. 
Smaller plants (early-12-week flooding treatments) had a lower survival rate and 
lower biomass production than larger plants (late-12-week flooding treatments). 
In contrast to the high mortality of plants submerged continuously for 12 weeks, 
the plants that survived the 12 w flooding had higher biomass at the end of the 
experiment than plants that were subjected to shorter but more frequent 
submergence.
Table 1. The results of mixed model nested ANOVA for the effects of frequency and 
depth of flooding, elongation type and population on survival rate and flower rate.
Chi-square
d.f. Survival rate Flower rate
Frequency 3 46.1512*** 31.0332***
Depth 1 0.0006ns 0.0029ns
Elongation type 1 0.0015ns 0.0005ns
Frequency x depth 3 0.0684ns 0.0130ns
Frequency x elongation type 3 7.9884* 0.5430ns
Depth x elongation type 1 0.0013ns 0.0004ns
Frequency x depth x elongation type 3 0.7957ns 0.9959ns
Population (elongation type) 2 0.0273ns 0.0025ns
Frequency x population (elongation type) 6 16.7723* 0.0039ns
Depth x population (elongation type) 2 1.0670ns 0 .0012ns
Frequency x depth x population (elongation type) 6 1.5149ns 0.0038ns
Chi-squares and their significance are given. Significance levels are as follows: ns, 
p>0.1; * 0.01<p<0.05; * * *  p<0.001.
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Fig. 2. Survival rate (A), total biomass (B), root biomass (C), leaf biomass (D), flower 
rate (E) and flower stalk biomass (F) of slow-elongating populations (black and light 
grey bars) and fast-elongating populations (dark grey and white bars) of Rumex 
palustris after 24 weeks of treatments. 2W: two weeks of submergence alternated with 
two weeks of drained condition, 4W: four weeks of submergence alternated with four 
weeks of drained condition, Early 12W: early twelve weeks: twelve weeks of 
submergence followed by twelve weeks of drained conditions, Late12W: late twelve 
weeks: twelve weeks of submergence started after ten weeks of drained conditions, 
netting (black and dark grey bars): plants were kept under water when submerged, no 
netting (light grey and white bars): plants were allowed to grow above water. Data are 
means ±  s.e., n=2. Population means are used.
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Consistent with survival, continuous long submergence at early 
developmental stages also reduced flowering rate and flower stalk weight 
dramatically (Fig. 2). Short, frequent submergence (2-week-flooding treatments) 
did not reduce flowering probability, but the weight of flower stalks was much 
less than in plants subjected to other flooding frequency treatments. 
Intermediate flooding frequency and continuous long term submergence did 
not appear to affect flower stalk weight differently.
At the onset of the experiment, the average longest leaf length of both 
slow- and fast-elongating populations was 26.6±0.4 cm. Interestingly, in those 
plants subjected to 12 weeks of early submergence, the longest leaf length at 
the end of submergence appeared shorter, rather than longer, than the starting 
length (Table 4). This was probably caused by the death of elongated old leaves 
before the flooding subsided (Fig. 3) and newly formed leaves did not elongated 
much. In contrast, more than 70% of the plants which had a 4-week recovery in 
between two 4-week periods of submergence were able to elongate their leaves 
three fold compared to initial leaf lengths and to extend their leaves above the 
water surface. In plants subjected to submergence at late developmental stages 
initial leaf length was 60.8±1.4 cm as a result of normal growth in non-flooded 
conditions. All of these plants were able to reach the water surface within a few  
days after the onset of submergence, indicating that their longest leaf length 
exceeded the 70cm depth of the flood water (measured from the top of the 
pots).
Fig. 3. Percentage of plants growing above water surface as a function of the number 
of weeks in early 12 week treatment for slow- and fast-elongating populations.
Number of weeks
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Table 2. The results of mixed model nested ANOVA for the effects of frequency and depth of flooding, elongation type, 
population and seed family on biomass.
df. Root weight
F-value 
Leaf weight Stem weight Total weight
Frequency 3 50.62*** 24.64*** 21.73** 49.60***
Depth 1 2.70ns 15.80Î 0.01ns 1.95ns
Elongation type 1 14.52Î 4.69ns 1.72ns 11.68Î
Frequency x depth 3 11.82** 3.84f 2.47ns 7.39*
Frequency x elongation type 3 1.70ns 3.45f 1.18ns 2.02ns
Depth x elongation type 1 22.91* 54.67* 0.41ns 6.95ns
Frequency x depth x elongation type 2-3 15.72** 4.30f 0.28ns 7.35*
Population (elongation type) 2 4.94* 5.39* 6.96** 7.30**
Frequency x population (elongation type) 6 3.95** 2.31* 2.83* 4 14«
Depth x population (elongation type) 2 0.14ns 0.06ns 4.90* 0.54ns
Frequency x depth x population (elongation type) 4-6 0.26ns 0.46ns 1.29ns 0.53ns
Seed family (elongation type population) 28 0.90ns 1.08ns 3.36*** 1.03ns
Frequency x seed family (elongation type population) 66-83 0.93ns 0.91ns 1.39* 0.96ns
Depth x seed family (elongation type population) 28 1.63* 1.03ns 1.18ns 1.61*
Frequency x depth x seed family (elongation type population) 55-74 1.43* 1.05ns 1.20ns 1.45*
Biomasses were log-transfonned before analyses. F-values and their significance are given. Significance levels are as follows: 
ns, p>0.1; f  0.05<p<0.1; * 0.01<p<0.05; ** 0.001<p<0.01; *** p<0.001.
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Table 3. The results of mixed model nested ANOVA for the effects of depth of 
flooding, elongation type, population and seed family on biomass for each flooding 
frequency separately._______________________________________________________
F-value
Root Leaf Stem Total
1. Two weeks d.f. weight weight weight weight
Depth 1 4.33ns 2.04ns 2.37ns 2.44ns
Elongation type 1 140.77** 34.77* 8.79f 87.62*
Depth x elongation type 1 4.19ns 0 .01ns 5.33ns 1.53ns
Population (elongation type) 2 0.47ns 1.56ns 9.12*** 1.14ns
Depth x population (elongation type) 2 0.49ns 0.17ns 0.44ns 0.51ns
Seed family (elongation type population) 28 1.20ns 0 .88ns 1.40ns 1.10ns
Depth x seed family (elongation type population) 28 0.89ns 0.70ns 0.73ns 0.93ns
2. Four weeks
Depth 1 38.16* 9.76f 6.61ns 11.70f
Elongation type 1 28.02* 10.86f 6.14ns 12.56f
Depth x elongation type 1 5.10ns 0.50ns 0 .02ns 0.48ns
Population (elongation type) 2 3.0 5 f 2.97f 15.98*** 9.49***
Depth x population (elongation type) 2 1 .00ns 3.53* 6.31** 4.85*
Seed family (elongation type population) 28 0.65ns 0.87ns 1.54* 0.64ns
Depth x seed family (elongation type population) 28 0.40ns 0.69ns 0 .66ns 0.42ns
3. Early twelve weeks
Depth 1 1 .1 5ns 1.30ns - 0.81ns
Elongation type 1 0.89ns 0.26ns 3.01ns 0.79ns
Depth x elongation type 1 16.67f 9.79f - 12.97f
Population (elongation type) 2 5.16* 2.13ns 0 .20ns 4.81*
Depth x population (elongation type) 2 0 .20ns 0.50ns - 0.28ns
Seed family (elongation type population) 10-27 0.48ns 1.37ns 1.42ns 0.47ns
Depth x seed family (elongation type population) 2-20 1.34ns 2.72** 0.81ns 1.28ns
4. Late twelve weeks
Depth 1 270.22** 9.09f 0 .10ns 0.03ns
Elongation type 1 0.32ns 0.25ns 1 .1 5ns 0.47ns
Depth x elongation type 1 1183.96*** 0.58ns 0.34ns 3.30ns
Population (elongation type) 2 9.11*** 6.30** 11 89*** 11 97***
Depth x population (elongation type) 2 0 .00ns 0.08ns 2.07ns 0 .68ns
Seed family (elongation type population) 28 0.55ns 0.90ns 1 .31 ns 1.15ns
Depth x seed family (elongation type population) 25-26 0.67ns 0.84ns 1.01ns 0.76ns
Biomasses were log-transformed before analyses. F-values and their significance are 
given. Significance levels are as follows: ns, p>0.1; f  0.05<p<0.1; * 0.01<p<0.05; **  
0.001<p<0.01; * * *  p<0.001.
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Effects o f Flooding Depth
In accordance to our expectations, the effect of being able to extend above 
the water table depended on the frequency of submergence (Table 2). Generally, 
flooding depths did not affect survival, biomass and flowering significantly 
(Tables 1 and 2). However, for plants submerged for either 4 weeks or for 12 
weeks at late developmental stages, reaching the water surface resulted in a 
significantly higher root biomass and a marginally significantly higher leaf 
biomass than plants kept below the water surface throughout the submergence 
treatments (Table 3 and Fig. 2). Reaching the water surface had no effect on the 
performance of plants being submerged frequently for only 2 weeks or for 
plants submerged for 12 weeks at early developmental stages. Only plants 
subjected to an intermediate (4 week) period of submergence produced longer 
leaves when they were allowed to extend to the water surface (Tables 4 and 6), 
resulting in a significant flooding frequency x depth interaction (Table 5). It 
were the same plants which had produced a higher biomass. Together, these 
results indicate that plants benefited from elongating above the water surface in 
terms of increased biomass production. Seed families also differed significantly 
in response to the flooding depth, indicating that there is variation within 
populations in the consequences of flooding depth on biomass production. This 
is in line with our observation that not all seed families of the same population 
were able to actually reach the water surface (data not shown).
Table 4. Effects of flooding frequency on the longest leaf length (cm) after 12-14 
weeks of treatments. Data of plants from the late 12 week submergence were 
excluded, since this treatment just started at this stage of the experiment. A ll other 
plants had been submerged for at least 8 weeks. 2W: two weeks of submergence 
alternated with two weeks of drained condition, 4W: four weeks of submergence 
alternated with four weeks of drained condition, Early 12W: early twelve weeks: 
twelve weeks of submergence followed by twelve weeks of drained conditions, slow: 
slow-elongating populations, fast: fast-elongating populations, netting: plants were 
kept under water when submerged, no netting: plants were allowed to grow above 
water. Data are means ±  s.e., n=2. Population means are used. The depth of 
submergence water is around 70 cm.___________________________________
Slow, netting Slow, no netting Fast, netting Fast, no netting
2W 58.5 ± 3.0 59.0 ± 3.5 63.5 ± 1.3 67.2 ± 2.3
4W 75.6 ± 3.6 84.5 ± 6.1 76.7 ± 0.3 84.8 ± 1.7
Early12W 14.9 ± 0.6 17.6 ± 0.1 13.4 ± 0.8 15.2 ± 4.5
Effects o f Elongation Types
All populations started with similar longest leaf length (26.6±0.4 cm). 
However, the populations chosen based on their different flooding-induced leaf
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elongation rate in artificial climate-chamber conditions kept their potential for 
differences in elongation in the more natural conditions in the large outdoor 
basins. When plants were subjected to relatively short but frequent 
submergence, the percentage of plants that reached the water surface was at 
least six times higher for the fast-elongating populations than for the 
slow-elongating populations. However, when submergence lasted longer (e.g. 
four weeks), plants from slow-elongating populations gradually caught up with 
plants from fast-elongating populations to grow out of the water. At the end of a 
4-week-submergence period, 70% of plants from slow-elongating populations 
and 80% from fast-elongating populations had shoot tips above the water 
surface. In the early 12 week treatment, although, consistent with 2 and 4 week 
treatments, most plants growing above water surface were from fast-elongating 
populations in the first few weeks, thereafter most long leaves died and newly 
formed leaves did not reach water surface anymore (Fig. 3 and Table 4).
Tabl e 5. The results of mixed model nested ANOVA for the effects of frequency and 
depth of flooding, elongation type, population and seed family on longest leaf length 
after 12-14 weeks of treatments. Data of plants from the late 12 week submergence 
were excluded from this analysis, since this treatment just started at this stage of the 
experiment. A ll other plants had been submerged for at least 8 weeks._________
d.f.
F-value 
Leaf length 
half way
Frequency 2 715.35***
Depth 1 13.00f
Elongation type 1 0.30ns
Frequency x depth 2 13.39*
Frequency x elongation type 2 3.60ns
Depth x elongation type 1 0.05ns
Frequency x depth x elongation type 2 1.29ns
Population (elongation type) 2 15.00***
Frequency x population (elongation type) 4 2.82*
Depth x population (elongation type) 2 4.41*
Frequency x depth x population (elongation type) 4 0.76ns
Seed family (elongation type population) 28 0.70ns
Frequency x seed family (elongation type population) 56 0.65ns
Depth x seed family (elongation type population) 28 0.32ns
Frequency x depth x seed family (elongation type population) 56 0.49ns
Only length>0 was used. F-values and their significance are given. Significance levels 
are as follows: ns, p>0.1; f  0.05<p<0.1; * 0.01<p<0.05; * * *  p<0.001.
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As expected, the effect of elongation type on survival and biomass 
production depended on the duration and frequency of flooding. When 
subjected to 2-week and 4-week submergence, biomass of plants from 
fast-elongating populations was significantly lower than slow-elongating 
populations, whereas slow- and fast-elongating plants produced similar biomass 
when submergence lasted for 12 weeks. These results point at a potential cost of 
fast elongation in conditions where submergence does not last long and is 
alternated by frequent de-submergence.
There was a significant interaction between flooding frequency and 
elongation type on survival. In both the 2-week-flooding and 
late-12-week-flooding treatments, slow-elongating populations had higher 
survival than fast-elongating ones, whereas in 4-week-flooding and early-12 
week-flooding there was no clear difference between the two types of 
populations.
Based on elongation types, flooding depth can have opposite effects on the 
plants. For example, in the late-12-week-flooding, keeping plants under water all 
the time reduced the root weight in slow-elongating populations, but increased 
root weight in the fast-elongating populations, comparing with plants which 
were allowed to reach the water surface.
Table 6. The results of mixed model nested ANOVA for the effects of depth of 
flooding, elongation type, population and seed family on longest leaf length after 
12-14 weeks of treatments for each flooding frequency separately. Data of plants from 
the late 12 week submergence were excluded from this analysis, since this treatment 
just started at this stage of the experiment. All other plants had been submerged for at 
least 8 weeks.
d.f. 2w
F-value
4w Early 12w
Depth 1 14.52f 28.16* 1.37ns
Elongation type 1 3.24ns 0.02ns 0.51ns
Depth x elongation type 1 8.92f 0.05ns 0.05ns
Population (elongation type) 2 6.81** 11.25*** 3.55*
Depth x population (elongation type) 2 0.23ns 2.26ns 2.63f
Seed family (elongation type population) 28 0.91ns 0.66ns 0.72ns
Depth x seed family (elongation type population) 28 0.56ns 0.35ns 0.50ns
Only length>0 was used. F-values and their significance are given. Significance levels 
are as follows: ns, p>0.1; f  0.05<p<0.1; * 0.01<p<0.05; * *  0.001<p<0.01; * * *  
p<0.001.
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As the capacity of gas transport from  emerged tissue to  the submerged 
parts of plants depends on the porosity of the tissues, we measured the porosity 
of the young elongating petioles of submerged plants which were most likely to  
grow above the w ater surface. Both slow- and fast-elongating populations had 
similar petiole porosity (26.0±0.4% in the slow-elongating populations, 27.5±0.3% 
in the  fast-elongating populations; n=16).
DISCUSSION
Plastic changes of the morphology are ubiquitous responses of plants to  
their environments as they can buffer unfavorable environmental conditions and 
ultimately enhance plant performance. W hether plastic responses are selected 
for depends on the relation between the costs and benefits associated with  
plastic responses. Under conditions where environmental conditions change 
frequently, the selection for plasticity can be expected to  be weak because 
expression of the  plastic phenotype is costly under the alternate environment 
and thus does not induce plastic responses (De W itt et at, 1998; Givnish, 2002). 
However, alternating environmental states are difficult to  mimic and therefore  
this hypothesis, though frequently expressed, has rarely been tested. One of the  
environmental stresses which induces plastic responses and can occur at 
unpredictable times and with varying duration is flooding. Therefore flooding is 
an ideal scenario to  test the effect of frequency and duration of a stress invoking 
plastic morphological changes on selection for plasticity. Flooding-induced 
shoot elongation enables submerged plants to  restore contact with the air 
above the w ater surface and thus to  restore aerobic respiration and aerial 
photosynthesis. Whilst the potential benefits associated with this elongation are 
beyond doubt (Voesenek et al., 2004; Bailey-Serres and Voesenek, 2008; Pierik et 
a/., 2009), the net benefit of the response may strongly depend on the specific 
characteristics of flooding regime. In the present study we aimed to  elucidate 
the fitness consequences of variation in flooding-induced shoot elongation in R  
paiustris under different flooding regimes using four populations from  our 
previous study (Chen et at, 2009) w ith the most contrasting elongation response 
to  submergence. We mimicked selection regimes characterized by different 
duration and frequency of relatively deep flooding. We found tha t if flooding 
lasted long enough plants which were allowed to  grow above the w ater surface 
had benefits in term s of higher biomass production than plants which were kept 
under w ater throughout submergence. This shows that being able to  elongate  
above the water surface is actually associated with fitness benefits. Under short 
and frequent floods, however, slow-elongating plants which were not able to  
reach the water surface during submergence had clear advantages over
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fast-elongating ones, indicating tha t there are also costs associated with  
elongation. In contrast to  our predictions, fast-elongating plants did not have an 
overall advantage over slow-elongating plants when floods were of longer 
duration. Here we discuss these partly surprising results in the context of the  
costs and benefits of the elongation response.
Costs o f Flooding-Induced Shoot Elongation
Our results confirm the hypothesis that investment into fast elongation 
responses will be selected against under frequent and short submergence as the  
fast elongators had a disadvantage in term s of reduced survival and biomass 
accumulation under conditions characterized by frequent submergence and 
de-submergence. Costs of flooding-induced leaf elongation include both direct 
costs of investment into elongation, and indirect costs of losing leaf biomass 
when submergence subsides. Submergence-acclimated, elongated leaves are 
biomechanically weak, and thus tip over and partly break after de-submergence. 
Due to  thinner cuticles developed under water for better gas exchange 
(Mommer et al, 2005b), leaves adapted to  submergence desiccate quickly upon 
de-submergence. For future photosynthesis, previously submerged plants 
depend on leaves that are newly produced in the post submergence period. 
Consequently, this leaf turnover forms a considerable loss of investment in 
flooding-acclimated structures. Although both slow- and fast-elongating 
populations had such losses, the fast ones suffered more because they had 
initially invested a higher am ount of energy and structural carbohydrates into  
the longer leaves. Additionally, faster leaf elongation may also require relatively 
more energy for e.g. fast cue perception and translation into plastic elongation 
responses (De W itt et at, 1998). This disadvantage disappeared if submergence 
lasted sufficiently long for the fast elongating plants to  actually benefit from  
their elongation response.
These results also confirm the hypothesis published by Voesenek et al. (2004) 
and elaborated in Bailey-Serres and Voesenek (2008), which predicted that when 
flooding is short in duration, costs involved in fast elongation will select against 
fast elongation responses. Costs of elongation are also found in cultivars of rice, 
a species from  a very different phylogenetic clade and growth form. Setter et al. 
(1996) showed a negative correlation between flooding-induced shoot 
elongation and survival under complete submergence of rice plants. Although 
the tw o-fold difference in elongation in our natural slow- and fast-elongating 
populations is relatively small compared to  the extrem e non-elongating vs. 
elongating response (about six-fold difference) in the experim ent with rice, 
similar fitness differences were found in both cases. This shows that even the  
relatively small natural variation in elongation responses is likely to  result in
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different selection depending on the prevalent environmental conditions.
Long lasting flooding in the early developmental stages of plants affected 
fitness negatively, as it led to  a low survival and flower rate. This would be 
comparable to  spring flooding in the field, which can occur soon after 
germination and last for extended periods of tim e (Vervuren et ai, 2003). Early in 
the growing period, plants are still in their juvenile stage, and may have to  delay 
their reproduction for one more year. Such extension of the  life cycle can have 
negative effects on the population growth rates, both due to  higher risk of 
mortality in case flowering is delayed and to  an increased generation tim e. It has 
been suggested that in years with early spring floods only very few  plants survive 
and that populations have to  re-grow from  the seed bank (Voesenek et at, 1992). 
Moreover, if early spring floods occur in successive years, this may impose a 
strain on population viability and the  populations may eventually get extinct. 
Benefits o f Flooding-Induced Shoot Elongation
Plants did benefit from  reaching the water surface if flooding lasted for 4 
weeks in the current study, but not if flooding lasted for shorter periods of tim e. 
This benefit in terms of relatively higher biomass production, compared to  plants 
kept under w ater throughout submergence, was found for both, slow- and 
fast-elongating populations, indicating that plants can benefit from  elongation 
responses when elongation results in restored contact w ith the  air. Despite 
comparable costs of elongation, plants of the same seed families which 
elongated their leaves to  the same extent but were kept below the w ater surface 
had a lower biomass than plants which could grow above the w ater surface and 
thus benefited from  fast gas exchange between plants and the atmosphere. This 
indicates that when the flooding is deeper than the maximum height a plant can 
reach, costs involved in elongation may select against elongation. This 
interpretation is supported by the fact tha t in rice artificially reduced elongation 
by applying plant growth hormone inhibitors resulted in increased survival 
under com plete submergence (Setter et al, 1996).
We also expected a positive effect of elongation when flooding was 
continuous for an extended period of tim e, as under these conditions plants can 
benefit from  reaching the w ater surface w ithout losing leaf biomass after 
de-submergence on a regular basis. Interestingly, we did not find any benefits of 
fast elongation in plants subjected to  long flooding, neither for the four weeks 
nor for the  12 week submergence treatm ent. Voesenek et at. (2004) predicted 
that elongation response is beneficial when the flooding is prolonged and plants 
can reach the w ater surface, because the benefits of improved gas exchange and 
thus aerobic respiration outweigh the costs of leaf elongation. Our early-12-week 
flooding did m eet these criteria, given the fact that one third of the plants of the
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fast-elongating population reached the water surface at about eight weeks 
before de-submergence. However, most leaves that emerged decayed soon after, 
and new leaves from the same plants were too small to continue to grow above 
the water surface. The flooding conditions that we provided were also relatively 
deep, so that investment in elongation of the existing leaves was leaving little 
resources for the development of new large leaves. Different benefits due to 1-2 
weeks different timing of emergence between the slow- and fast-elongating 
populations may have faded away in the long post-emergence period. Therefore 
subjecting plants to shallower flooding than applied in the current experiments, 
letting submergence last for a shorter period of time, for example 1.5-2.5 months, 
and measuring biomass right after de-submergence, may be helpful to reveal 
benefits of fast elongation.
Another explanation for the fact that we did not find benefits of fast 
elongation might be that populations differed in porosity of their shoots and 
roots. Within species variation in porosity has been found to have direct fitness 
consequences for the plants, indicating that porosity is an important trait under 
selection in species subjected to flooding (Huber et at, 2009). The porosity of the 
submerged tissues and the interconnection between the gas channels of the 
various plant organs determine to a large extent the internal oxygen diffusion 
towards the cells (Colmer, 2003). As demonstrated by Pierik et at. (2009), leaf tip 
emergence from the floodwater in the flooding intolerant species Rumex 
acetosa, did not increase the biomass (contrary to R. paiustris, most likely 
because the low porosity in the petioles of this species did not allow diffusion of 
oxygen downward into the shoot meristem and root tissues. However, in our 
experiment the fast-elongating populations had similar petiole porosity as 
slow-elongating populations in submerged petioles of the young elongating 
leaves. All populations are thus equally capable to transport gases down to the 
shoot-root junction. Therefore porosity is not likely to be responsible for the lack 
of benefits for reaching out of the water.
When plants lose all shoot biomass during submergence, the roots, mainly 
the tap roots, may still remain alive and shoots can regenerate from the roots 
after de-submergence. When energy and resources are limited, for example 
when the plants are submerged, plants can reallocate biomass from vegetative 
parts to flower to support reproduction (Heilmeier et at, 1986). In line with this, 
we found that in the late-12-week-flooding treatment, plants of fast-elongating 
populations had lower root biomass when they were allowed to grow above 
water surface, but much higher flower stalk biomass than the plants which were 
kept under water all the time. As a monocarpic species, the plants die after 
producing seeds. Species with this type of life cycle usually mobilize all stored
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resources and invest it into reproduction, which may in our case explain the  
reduced allocation to  roots. These results also indicate that plants may respond 
to  submergence with plasticity of their life history (van der Sman et al., 1993b). 
However, we do not know w hether the increased investment into flowering was 
caused by the fact that these initially larger plants were able to  reach the  
reproductive stage and the other smaller plants had to  delay reproduction due 
to  the limited resource acquisition, or tha t investment into the  flowering stalks 
may be an actual adaptation to  flooded conditions. The latter could be the case if 
the flowering stalks, which can become longer than leaves, act as an additional 
organ which can restore contact with the air and lead to  a better oxygen supply 
of submerged plant parts.
In this study we concentrated on the effect of varying speed of elongation 
responses in response to  submergence. Another im portant factor is the absolute 
plasticity of leaf length as this will affect the ability of plants to  respond to  
different flooding depths. Both slow- and fast-elongating populations elongated 
their petioles upon submergence three to  five times more than in drained 
control conditions. This limited contrast in total leaf length may be one reason 
which we were not able to  detect significant variation in benefits of 
flooding-induced elongation responses among the four populations. Additional 
experiments more varying the total leaf length plants can produce upon 
submergence are needed to  answer the question. Further more, experiments 
under natural conditions will allow us to  get a better understanding of the true  
fitness consequences of variation in flooding responses, where plants differing 
in the elongation responses will be transplanted into several natural habitats, 
and their subsequent growth will be m onitored for several years.
Conclusions
To the best of our knowledge, this is one of the first studies relating the  
frequency and duration of environmental stresses w ith the consequences of 
plastic responses to  the occurrence of stress and showing tha t there are actually 
costs associated with flooding-induced elongation and that there is within and 
between population natural variation in the consequences of different 
elongation responses. While our data showed clear benefits of reaching the  
w ater surface in interm ediate flooding duration and clear costs associated with  
fast flooding-induced elongation in conditions characterized by short and 
frequent submergence, we did not find clear benefits of fast elongation when 
submergence lasted longer, indicating that, depending on the duration of 
submergence, selection can act against fast flooding-induced elongation 
responses in this species. However, none of our treatm ents resulted in clear 
selection for fast flooding-induced elongation responses. Under natural
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conditions the depth and duration of flooding can be quite unpredictable. Even 
if flooding is deep and of relatively short duration in some years, it may be much 
more shallow and long lasting in other years. Even within populations the 
specific flooding regimes may vary, dependent on micro-topographic structure 
of the habitat. In concert, the spatio-temporal variation in flooding regimes has 
led to maintenance of the genetic variation in flooding responses within 
population. Summing up, our results indicate that shoot elongation is under 
selection in flood-prone habitats as fast elongation appears to be either selected 
against or selectively neutral.
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ABSTRACT
Plants in nature are exposed to  different environmental cues which may 
interact in determining phenotypic expression to  one of these environmental 
factors, but few  studies have studied this interaction. In this paper the  
hypothesis is tested tha t environmental conditions experienced at early 
developmental stages may affect the phenotypic expression to  subsequent 
environmental cues. This prediction was tested by exposing the wetland species 
Rumexpa/ustr/sto different light and nutrient conditions, followed by complete  
submergence at later developmental stages.
While the tw o distinct environmental cues shading and submergence 
basically initiate the same phenotypic response (increased petiole elongation 
and specific leaf area), we found tha t expression of plasticity in response to  
shading negatively affected the plasticity in response to  submergence. 
Interestingly, low nutrient availability increased the submergence-induced 
plasticity. Populations and seed families within populations differed significantly 
in their response to  submergence. However, the relative response was 
modulated by the pre-submergence conditions, resulting in a different ranking 
of the  submergence-induced plastic elongation responses among populations 
and seed families depending on the  conditions the plants had experienced in 
early developmental stages.
These results show tha t conditions experienced at early developmental 
stages modulate the responses to  subsequent environmental cues, and can 
affect the comparability of plasticity experiments. We discuss how populations 
may have evolved distinct response patterns, resulting in different effects of 
preconditions on the plasticity expressed, and conclude tha t interactions 
between environmental cues need much more attention.
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INTRODUCTION
In their natural habitats plants are exposed to  a multitude of different 
environmental triggers which vary in space and tim e and are constantly 
changing. Plants have evolved the potential to  respond to  different levels of an 
environmental factor by changing the expression of phenotypic traits (Bradshaw, 
1965; Sultan, 1987), resulting in the display of adaptive phenotypes in response to  
different environmental conditions (Schmitt et at., 2003; Dechaine et a l, 2007; Bell 
and Galloway, 2008). While the response to  single environmental cues are well 
understood, we are only starting to  understand how different cues may interact 
in the expression of phenotypic traits (Weinig and Delph, 2001; Cipollini, 2004; 
Weinig et al, 2004; McGuire and Agrawal, 2005; Izaguirre et al, 2006; Mittler, 2006; 
Anten et a l, 2009; Moreno et al, 2009). Interactions among cues will depend on 
the sequence of conditions to  which plants are exposed, and hence on the  
developmental state of the plant or the organ, and the costs of plasticity 
involved (Weijschede et a l, 2006; Dechaine et al, 2007; Bell and Galloway, 2008).
Phenotypic plasticity has been shown to  be costly as it requires investment 
into plastic structures (Huber et a l, 1998; Weijschede et a l, 2006; Dechaine et al, 
2007; Weijschede et al, 2008). If resources are limited when plastic responses 
occur, resources accumulated beforehand may determ ine the extent of the  
expression of plasticity. Therefore, the magnitude of plasticity may depend on 
the growth conditions earlier which in turn determ ine the accumulation of 
resources. However, it is not clear to  what extent the am ount of resources 
accumulated prior to  the stress inducing plastic responses will determ ine the  
magnitude of plasticity.
Furtherm ore, plastic responses of the same organ to  different or the same 
environmental cues experienced sequentially may constrain each other because 
of opposite responses or due to  physical limits caused by the effects on 
structural integrity (Weinig and Delph, 2001; Huber et a l, 2008). For example, 
shading results in elongated and narrower stem internodes, whereas mechanical 
stress inhibits elongation and increases stem diam eter (Tiffney and Niklas, 1985; 
Jaffe and Forbes, 1993; Schmitt et a l, 1995; Dudley, 1996; Telewski and Pruyn, 1998; 
Ballare, 1999; Anten et a l, 2009). Therefore, when plants experience shade and 
mechanical stress sequentially or at the same tim e, plasticity to  one cue may be 
limited by another (Anten et a l, 2005, 2009). Comparably may plants be limited in 
their response to  a Red:Far-Red (R:FR) ratio experienced at later developmental 
stages due to  structural feedback mechanisms solicited by low R:FR ratio 
experienced in earlier developmental stages (Weinig and Delph, 2001).
The few  available data so far suggest that the pattern and magnitude of 
plastic responses is plastic itself, indicating higher levels control of plasticity
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(Novoplansky, 2009). Such "metaplasticity" (Abraham and Bear, 1996; Novoplansky, 
2009) will thus also affect the specific phenotypic response to a given 
environment. Some results also suggest that conditions experienced early in life 
may be an important mediator for the ability of plants to adequately respond to 
subsequent cues (Weinig and Delph, 2001), but all these modulating effects on 
plasticity are only beginning to be studied. In this paper we will show how 
submergence-induced elongation is affected by light and nutrient levels 
experienced earlier in plant life, invoking changes in plant structures and 
resource status prior to submergence.
Flooding is a common stress for terrestrial plants inhabiting river 
floodplains. It can have severe effects on plant performance, especially for 
non-adapted plants, due to much the restriction of aerobic metabolism caused 
by slower rates of oxygen diffusion in water than in air (Jackson, 1985; Colmer 
and Voesenek, 2009). Some plant species are characterized by flooding-induced 
shoot elongation as a plastic response to periodical flooding (Ridge, 1987; Kende 
et at., 1998; Sultan 2010). Such elongation may bring the leaf tips above the water 
surface and thus restore gas exchange between plant and air. Our experimental 
species, Rumex palustris,occurs often in river foreland, and has a clear plastic 
leaf elongation in response to flooding (Blom, 1999; Voesenek et al, 2004, 2006; 
Bailey-Serres and Voesenek, 2008; Chen et al., 2009). It has been shown that in R  
paiustris flooding-induced elongation responses depend on the availability of 
stored carbohydrates (Groeneveld and Voesenek, 2003), and that petioles 
elongate in response to both shade and submergence (Mommer et al, 2005a). 
Therefore, early petiole elongation in response to shade may affect its 
elongation in later developmental stages. Moreover, low nutrient availability may 
require investment into roots and thus change investment into shoots, and the 
combination of light and nutrient conditions may determine the accumulation 
of storage compounds due to the balance between photosynthesis and growth.
In this study we aimed at elucidating the effects of pre-flooding light and 
nutrient conditions on the plastic response of plants to complete submergence 
and its subsequent effects on plant performance. By growing three populations 
of R  paiustris during two levels of light and two levels of nutrient conditions 
before subjecting them to complete submergence, we also studied whether 
effects of pre-flooding light and nutrient conditions were population-specific. 
Since habitats can differ in light and nutrient conditions, acclimation potential 
may vary among populations if the populations have adapted to local light and 
nutrient conditions, leading to population-specific responses to these 
environmental cues (Dudley and Schmitt, 1995; Wright et al, 2006; Anten et al.,
2009). Our previous work indicated significant differences in flood-induced
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petiole elongation among R  paiustris populations (Chen et al, 2009).
Plant biomass was measured immediately prior to  submergence as an 
indicator of accumulated resources. Leaf lamina and petiole length was 
measured both before and after submergence as measurements of responses to  
light and nutrient availability and flooding, respectively. We expected plants 
subjected to  the resource availability combination that gives the highest 
carbohydrate storage prior to  submergence (i.e., high light and low nutrient 
levels) to  show the strongest flooding-induced elongation responses as they will 
have most carbohydrates available to  invest into elongation.
MATERIALS AND METHODS 
Plant Growth
Rumex paiustris Sm. is a terrestrial plant species which often occurs in 
temporally w et habitats such as riverine floodplains or in habitats w ith more 
stagnant w ater tables. In these habitats the species is subjected to  a large 
tem poral and spatial variation of habitat conditions, due to  small scale microsite 
variation in nutrient and light availability as well as to  submergence of 
unpredictable tim ing, depth and duration. In 2004 seeds were collected in 12 
populations covering a range of habitats and thereafter stored at room  
tem perature. A subset of 3 populations, all collected along the Waal distributary 
of the  river Rhine system, was used in this experiment. The seeds from  
population A were collected at a floodplain near Ewijk (Rhine km W892). 
Population A grew close to  the river on a relatively sandy substrate and is 
subjected to  frequent flooding. The seeds for population B were collected at a 
river floodplain near Deest (Rhine km W899), on an old river bank further away 
from the running w ater consisting of clayish substrate and flooded less 
frequently. The seeds of population E were collected near Doornenburg at the  
Klompenwaard floodplain (Rhine km W869). The latter population occurred on a 
clay bank of a recently dug side channel of the  main river bed, which is 
frequently flooded. We used the seeds of 6 m other plants for each population, 
and refer to  seeds from  a single m other plant as a single seed family.
The seeds were germinated for 10 days in separate Petri dishes on filter 
paper moistened with tap water. Petri dishes were kept at 12 hours of light [20 
Mmol m-2 s-1 photosynthetic photon flux density (PPFD), 25 °Cl, and 12 hours of 
dark (15 °C) period. Sixty-four seedlings per seed family were individually 
transplanted in 6 x 6 x 8 cm plastic pots filled with a mixture of sieved 
commercially-used potting soil (number 4; Lentse, Elst, The Netherlalnds) and 
sand. After transplanting, the  pots were covered with transparent plastic foil for 
four days to  prevent dehydration in a climate chamber at 20 °C. Plants were
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subjected to 16h of light (181-204 Mmol m-2 s-1 PPFD, sodium lamps SON-T plus 600 
W fluorescent light TLD Reflex 36W/840R, Philips, Eindhoven, The Netherlands) 
and 8 hours of dark. The pots were distributed randomly over the tables in the 
climate chamber. The plants were subjected to two set of treatments in order to  
be able to assess the effect of pre-flooding conditions on the response to 
submergence. First the plants were grown under different light and nutrient 
conditions. These conditions will be referred to as pre-treatments. When the 
plants had reached a specific developmental stage (which happened on average 
20 days after the onset of the pre-treatments) the pre-treatments were stopped 
and half of the plants were submerged. As previous research has shown that the 
potential of plants to elongate after submergence depends on the 
developmental stage of the petiole (Perik et al, 1989; Chen et al, 2009), we 
decided to submerge the plants at a specific developmental stage (i.e., when in 
most of the plants within population and pre-treatment the 6th oldest leaf had 
been initiated) and not to submerge all plants at a given point in time. Otherwise 
differences in developmental speed among seed families and pre-treatments 
might have obscured our potential to find and interpret differences in plastic 
elongation responses among seed families.
P re-treatm ents
Four days after transferring the seedlings to pots, the 48 most uniform 
seedlings of each seed family were selected. The plants were subjected to two  
light and two nutrient pre-treatments arranged in a 2 x 2 factorial design. Half of 
the plants were moved to a shade cage covered by white cloth which decreased 
the irradiation by approximately 58 % to 70-94 Mmol m-2 s-1 PPFD. Shaded as well 
as un-shaded plants were subjected to two nutrient treatments. Each plant 
subjected to high nutrient conditions received 20 mL of a 1/4-modified Hoagland 
solution (Visser et al, 1996) on the 7th and 14th day after transplanting. The plants 
subjected to the low nutrient treatment received no additional fertilizer. The 
plants of the different nutrient treatments were grown in separate trays, so that 
leaking of nutrients after watering could not be taken up by the non-fertilized 
plants. These pre-treatments were continued until the 6th oldest leaf was 
emerging.
Treatm ents
The 12 plants of each of the 4 pre-treatment groups were randomly assigned 
to one of 3 groups. Four plants were immediately harvested in order to measure 
the effect of the pre-treatments on plant growth and allocation pattern, four 
plants were subjected to submergence treatments and four plants continued to 
grow in homogenous drained conditions next to the flooding basins in the same 
climate chamber. Also the shading treatment had stopped at this time. Ten 300 L
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basins (opaque polyethylene, 80 x 60 x 70 cm) were filled with tap water three 
days before the first plants were submerged so that the water temperature 
could be adjusted to the room temperature. In the basins the water circulated 
with a flow rate of 1.2 L min-1. Temperature of the water at submergence was 19.1 
°C. Before placing the pots into the basins, the pots were first slowly submerged 
in a separate container and loose soil as well as algae growing on the top soil of 
the pots was removed to keep the water in the basins as clear as possible and 
prevent algae growth. The treatments were performed in a climate chamber 
with 16 hours of light of 93-100 Mmol m-2 s-1 PPFD.
Measurem ents
Leaf lamina and petiole length of the third oldest and all younger leaves was 
measured at the beginning of the treatments and 14 days after the onset of 
submergence. After 14 days the plants were harvested and the roots were 
carefully washed free of soil substrate. Plants were divided into fine roots, thick 
storage roots, petioles and laminas. Lamina area was measured at harvest and 
the dry weight of all plant compartments was determined after drying at 70 °C 
for 48 hours. Plants harvested at the start of the submergence treatments were 
separated into roots and shoots before determining dry weights.
Statistical Analyses
The aim of the paper was to assess the effect of pre-flooding conditions on 
the response of plants to submergence and how this effect differed among 
populations. Specifically we wanted to know whether petiole plasticity differed 
depending on the light and nutrient availability. Plasticity was calculated as the 
percentage difference of mean petiole length of a given seed family and 
pre-treatment combination in the submerged as compared to the control 
conditions. Thereafter we performed a three-way mixed model analysis of 
variance (ANOVA) with nutrient and light conditions as the fixed effects and 
population as the random effect.
All other data, including total petiole and lamina length were analyzed by 
means of four-way mixed model nested ANOVA. In this analysis the 
pre-treatment light and nutrient availability as well as submergence treatment 
were added as fixed effects, population was added as random effect and seed 
family was nested within populations. Plants harvested prior to the onset of the 
submergence treatments were analyzed with three-way ANOVA with light and 
nutrient availability as fixed effects, population was added as random effect and 
seed family was nested within populations.
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Fig. 1. Mean (± s.e.) biomass accumulation of the different plant parts before the 
onset of the submergence treatments (A: initial dry mass) and at the final harvest (B: 
drained dry mass and C: submerged dry mass). Dark bars indicate the roots, 
light-coloured bars the petiole and open bars the leaf lamina. Please note that for the 
initial harvest leaves had not been separated into petioles and leaf laminas because for 
some leaves the short petioles and laminas could not be clearly separated, therefore 
only total leaf length is given. The treatments are abbreviated as follows: HL: high 
light, LL: low light; HN: high nutrients, LN: low nutrients.
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RESULTS
Effects o f Light and N u trien t Conditions on Plant Growth
Early light, and to a lesser extent nutrient availability significantly affected 
initial growth pattern and morphology (Figs 1-3 and Table 1). Some of these 
effects remained visible throughout the experiment (Figs 1-3 and Table 2). Plants 
experiencing high light conditions at early developmental stages accumulated 
significantly more biomass, and these effects were still clearly visible after the 
plants had been subjected to submergence (Fig. 1 and Tables 1 and 2). While high 
levels of nutrient availability did not affect initial biomass accumulation, they did 
result in increased investment into laminas in developmentally older leaves (Fig. 
1 and Tables 1 and 2). Plants experiencing high light availability at early 
developmental stages had overall significantly higher root:shoot ratios and 
leaves with a slightly, but significantly, lower specific leaf area at the final harvest 
(Fig. 2 and Table 2).
Plants grown under high light and low nutrient availability produced 
significantly shorter leaves, as both petiole and lamina length decreased in 
response to these conditions (Fig. 3 and Table 1). The effects of early high light 
availability on leaf length of older leaves (3rd and 4th oldest) remained visible even 
in submerged plants (Fig. 3 and Table 2), indicating that the length leaves achieve 
early in their development affects how long leaves can get at later stages. 
However, this effect of pre-treatment decreased in developmentally younger (5th 
oldest) leaves which mainly consisted of an undeveloped lamina and no visible 
petiole and where no significant effect of light availability was present at the 
onset of submergence (Fig. 3 and Table 2). The positive effect of nutrient 
availability on the leaf lamina remained apparent even in developmentally 
younger leaves, for both submerged and drained plants (Fig. 3 and Table 2). 
Response o f Plants to  Subm ergence
Overall, plants responded to submergence by a decrease in biomass, by 
producing longer and thinner leaves and by reducing the allocation to roots. In 
submerged plants total biomass decreased by almost 50% in the two weeks of 
submergence, while drained plants increased their biomass by approximately 
50% (Fig. 1). Drained plants grew larger when subjected to high than to low 
nutrient availability, but this effect was not apparent in submerged plants (Fig. 1 
and Table 2). In submerged, but not in drained plants high light availability before 
the onset of the experiment resulted in the production of heavier petioles (Fig. 1 
and Table 2). Generally, high nutrient availability led to increased biomass 
accumulation in drained plants, but not in submerged plants, where biomass 
accumulation in population B and E even tended to be reduced by high nutrient 
availability.
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Fig. 2. Mean (± s.e.) response of leaf area (A, B), specific leaf area (C, D) and 
root: shoot ratio (E, F) to submergence, as affected by light and nutrient 
pre-treatments. The treatments are abbreviated as follows: HL: high light, LL: low 
light; HN: high nutrients, LN: low nutrients.
Drained plants
LN HN LN HN 
LL HL
B 150
Submerged plants
Pop A Pop B Pop E
LN HN LN HN 
LL HL
LN HN LN HN 
LL HL
LN HN LN HN 
LL HL
Pop A Pop B Pop E
LN HN LN HN 
LL HL
LN HN LN HN 
LL HL
LN HN LN HN 
LL HL
LN HN LN HN 
LL HL
F  100
LN HN LN HN 
LL HL
LN HN LN HN 
LL HL
LN HN LN HN 
LL HL
LN HN LN HN 
LL HL
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Fig. 3. Mean (± s.e.) leaf length before the onset of submergence (initial length) and at 
final harvest (drained plants and submerged plants). The lengths of the total leaf as 
well as of its components are given (dark bars: petioles, light-coloured bars: laminas). 
The treatments are abbreviated as follows: HL: high light, LL: low light; HN: high 
nutrients, LN: low nutrients. Please note that at the initial harvest petioles were not 
present in some of the youngest (5th oldest) leaves, therefore only total leaf length is 
given.
Initial length B Drained plant C  Submerged [plants
Pop A Pop B Pop E
ta
Pop A Pop B Pop E Pop A Pop B Pop E
LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN
LL HL LL HL LL HL LL HL LL HL LL HL LL HL LL HL LL HL
Pop A Pop B Pop E Pop A Pop B Pop E
LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN
HL LL HL LL HL HL LL HL HL LL HL LL HL
H
Pop A Pop B Pop E Pop A Pop B Pop E Pop A Pop B Pop E
ml
LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN LN HN
LL HL LL HL LL HL LL HL LL HL LL HL LL HL LL HL LL HL
Submergence led to a decrease in leaf area and an increased specific leaf 
area (Fig. 2 and Table 2). While under drained conditions high nutrient availability 
increased leaf area even further, this effect did not occur in submerged plants 
(Fig. 2 and Table 2). At the end of the experiment, plants subjected to low light 
conditions prior to submergence produced significantly thinner leaves as 
compared to plants pre-treated with high light availability. Early high light levels, 
however, did not affect specific leaf area in drained plants (Fig. 2 and Table 2). 
Root:shoot ratios were significantly reduced by submergence. This decrease was 
enhanced if plants had received additional nutrients during the early
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Table 1. Result of a three-way mixed model nested ANOVA testing for the effects of pre-treatments on 
growth and biomass accumulation before the onset of submergence.________________________________
d.f. Length of 3rd 
oldest petiole
Length of 4th 
oldest petiole
Length of 3rd 
oldest lamina
Length of 4th 
oldest lamina
Length of 3rd 
oldest leaf
Length of 4th 
oldest leaf
Light 1 358.29 *** 130.69 *** 49 18 *** ^ j 47 * * * 144.62 *** 151.93 ***
Nutrients 1 8.09 * 3.21 f 14.51 ** 9.18 ** 20.23 * * * 17.83 ***
Light xNutr 1 0.01 ns 1.02 ns 0.26 ns 1.00 ns 0.21 ns 1.36 ns
Population 2 15.81 *** 4.94 * 7.68 ** 5.33 * 8.52 ** 0.69 ns
Light xPop 2 2.29 ns 0.33 ns 2.73 f 1.56 ns 3.33 f 1.50 ns
NutrxPop 2 0.11 ns 0.10 ns 3.41 f 0.54 ns 2.51 ns 0.84 ns
LightxNutrxPop 2 0.47 ns 0.01 ns 0.09 ns 1.95 ns 0.22 ns 0.58 ns
Seed family (pop) 15 4 * * * 5 72 * * * 6.50 *** 4.68 *** 5.75 *** Y * * *
LightxFam (Pop) 15 1.96 * 2.25 *** 3.36 *** 2 * * * 3.02 * * * 3.96 ***
NutrxFam (Pop) 15 0.87 ns 1.23 ns 0.69 ns 0.70 ns 0.63 ns 0.75 ns
LightxNutrxFam (pop) 15 1.30 ns 1.66 f 1.63 f 0.61 ns 1.51 ns 1.83 ns
Length of 5th 
oldest leaf
Root
biomass
Leaf
biomass
Total
biomass
Root: Shoot 
ratio
Light 53.56 *** 14.66 ** 30.00 *** 27.53 *** 4.70 *
Nutrients 1.38 ns 0.20 ns 1.83 ns 1.14 ns 2.52 ns
Light xNutr 1.89 ns 0.58 ns 0.89 ns 1.36 ns 0.00 ns
Population 0.50 ns 1.49 ns 0.06 ns 0.17 ns 2.36 ns
Light xPop 0.19 ns 1.45 ns 0.01 ns 0.36 ns 2.09 ns
NutrxPop 1.93 ns 0.75 ns 1.47 ns 1.30 ns 2.51 ns
LightxNutrxPop 1.79 ns 1.24 ns 0.89 ns 0.59 ns 1.91 ns
Seed family (pop) 3.34 *** 1 7 J * * * 3.68 *** ¿J ÄÄÄ 4 * * *
LightxFam (Pop) 4.03 * * * 3 24 * * * 2.30 *** 2.51 ** 1.60 f
NutrxFam (Pop) 1.11 ns 1.28 ns 1.76 * 1.64 f 1.02 ns
LightxNutrxFam (pop) 2.10 ns 1.86 ns 2.72 ** 2.30 ** 1.09 ns
F-values and their significance are given. Significance levels are as follows: ns, P > 0.1; f  0.05<P < 0.1; * 
0.01 <P<0.05 ;  ** 0.001 <P<0.01 ;  *** P<0.001.
developm
ental 
stage, 
while 
for 
drained 
plants 
fertilization 
had 
no 
or 
even 
a 
positive 
effect 
on 
the 
rootshoot 
ratio 
(Fig. 2 
and 
Table 
2).
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Table 2. Results of a four-way mixed model nested ANOVA testing for the effects of 
pre-treatments and submergence on leaf length, plant morphology and biomass 
accumulation.
d.f. Length of 
3rd oldest 
petiole
Length o f 
4th oldest 
petiole
Length o f 
5th oldest 
petiole
Length o f 
3rd oldest 
lamina
Length o f 
4th oldest 
lamina
Length o f 
5th oldest 
lamina
Light 1 67.44 * * * 32.53 * * * 1.68 ns 36.75 * * * 15.02 * * * 0.59 ns
Nutrient 1 0.85 ns 0.05 ns 0.22 ns 1.65 ns 7.89 * 14.32 * *
LightxNutrient 1 1.27 ns 2.03 ns 1.54 ns 0.19 ns 0.87 ns 3.66 f
Submergence 1 163.86 * * * 456.82 * * * 392.42 * * * 14.41 ** 67.27 * * * 152.38 * * *
LightxSubm 1 0.44 ns 0.74 ns 0.08 ns 0.81 ns 3.71 f 8.90 * *
N utrxSubm 1 2.15 ns 3.13 f 0.09 ns 4.66 * 3.04 ns 0.00 ns
LightxNutrxSubm 1 2.13 ns 1.67 ns 1.18 ns 0.07 ns 0.14 ns 4.31 f
Population 2 3.26 f 2.59 ns 1.24 ns 1.49 ns 2.55 ns 3.02 f
Light x Pop 2 4.04 * 3.65 f 2.57 ns 9.06 * * 1.31 ns 1.00 ns
NutrientxPop 2 0.21 ns 0.81 ns 0.79 ns 2.79 f 0.95 ns 1.26 ns
LightxNutrxPop 2 0.96 ns 2.39 ns 1.31 ns 4.93 * 0.72 ns 0.44 ns
SubmxPop 2 0.75 ns 1.26 ns 0.10 ns 7.59 * * 0.06 ns 0.26 ns
LightxSubmxPop 2 0.64 ns 2.28 ns 2.90 f 2.62 ns 0.45 ns 0.92 ns
NutrxSubm xPop 2 1.55 ns 0.82 ns 0.66 ns 0.47 ns 0.70 ns 0.37 ns
LightxNutr
xSubmxPop
2 2.36 ns 0.73 ns 1.96 ns 8.97 * * 0.73 ns 1.46 ns
Seed family 
(Popul ation)
16 5.63 * * * 5 2 9  * * * 1 0 .1 2  * * * 3.86 * * * 8.79 * * * 7.28 * * *
LightxFam (Pop) 15 2.56 ** 2.13 * * 1.97 * 1.41 ns 4.50 * * * 2.20  * *
NutrientxFam
(Pop)
15 0.60 ns 1.07 ns 0.76 ns 1.15 ns 1.23 ns 1.46 ns
Lightx Nutr 
xFam (Pop)
15 1.05 ns 1.15 ns 0.67 ns 0.99 ns 0.97 ns 0.67 ns
SubmxFam (Pop) 15 2.75 ** 1.65 f 5.59 * * * 1.38 ns 2 7 3  * * * 2 90 * * *
LightxSubm 
xFam (Pop)
15 1.53 f 1.47 ns 1.44 ns 1.23 ns 1.41 ns 0.82 ns
NutrxSubm 
xFam (Pop)
15 0.76 ns 0.99 ns 0.97 ns 0.91 ns 1.01 ns 1.06 ns
Lightx Nutr 
xSubmxFam (Pop)
15 0.70 ns 0.71 ns 0.70 ns 0.47 ns 1.53 f 0.70 ns
F-values and their significance are given. Significance levels are as follows: ns, P > 
0.1; f  0.05<P < 0.1; * 0.01 < P < 0.05; * *  0.001 < P < 0.01; * * *  P < 0.001.
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Tabl e 2. (Continued)
Length o f 3rd 
oldest leaf
Length o f 4th 
oldest leaf
Length o f 5th 
oldest leaf
Leaf
biomass
Petiole
biomass
Lamina
biomass
Light 52.45 * * * 36.42 * * * 0.25 ns 1.43 ns 2.25 ns 9 34 * * *
Nutrient 10.02  * * 3.18 f 6.70 * 1.55 ns 0.39 ns 14.52 **
LightxNutrient 0.27 ns 0.55 ns 0.07 ns 0.08 ns 0.35 ns 3.66 f
Submergence 100.74 * * * 429.64 * * * 471.00 * * * 52.96 * * * 26.62 * * * 485.26 * * *
LightxSubm 0.00 ns 0.00 ns 1.26 ns 0.23 ns 20.98 * * * 0.36 ns
NutrxSubm 2.33 ns 3.81 f 0.13 ns 6.38 * 0.31 ns 4.88 *
Light xNutrxSubm 0.83 ns 1.44 ns 0.00 ns 0.05 ns 0.05 ns 0.01 ns
Population 1.64 ns 0.11 ns 0.07 ns 6.46 * * * 1.82 ns 8.64 * *
Light xPop 3.54 f 3.49 f 2 .8 8  f 0.48 ns 0.37 ns 0.77 ns
NutrientxPop 1.28 ns 0.88 ns 0.14 ns 0.06 ns 3.32 f 2.21 ns
Light xNutrxPop 0.89 ns 3.82 * 1.46 ns 0.13 ns 0.02 ns 1.52 ns
SubmxPop 2.33 ns 1.38 ns 0.15 ns 4.45 * 4.99 * 7.28 * *
Light xSubmxPop 0.50 ns 2.01 ns 3.29 f 0.43 ns 1.84 ns 0.36 ns
NutrxSubm xPop 1.12 ns 0.89 ns 0.38 ns 1.14 ns 1.39 ns 0.52 ns
Light xNutr 
xSubmxPop
1.39 ns 1.82 ns 1.92 ns 0.17 ns 0.43 ns 0.04 ns
Seed family 
(Population)
7.79 * * * 8.81 * * * 9.54 * * * 7.14 * * * 8.94 * * * 10.35 * * *
LightxFam (Pop) 3.52 * * * 3.87 * * * 2.15 ** 1.14 * * * 1.56 f 5.06 * * *
NutrientxFam
(Pop)
0.76 ns 1.15 ns 0.83 ns 3.03 * * * 1.09 ns 1.22 ns
Light xNutr 
xFam (Pop)
1.69 ns 0.98 ns 0.63 ns 1.08 ns 0.97 ns 0.74 ns
SubmxFam (Pop) 2.66  * * * 2 .0 1  * 4 7 5  * * * 2.15 * * 2.04 * 5.48 * * *
Light xSubm 
xFam (Pop)
1.34 ns 1.80 * 1.09 ns 1.23 ns 1.25 ns 3.03 * * *
NutrxSubm 
xFam (Pop)
0.87 ns 1.30 ns 1.04 ns 1.12 ns 1.25 ns 1.29 ns
Light xNutr 
xSubmxFam (Pop)
1.08 ns 1.08 ns 0.64 ns 1.02 ns 0.76 ns 1.37 ns
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Tabi e 2. (Continued)
Root
biomass
Root:shoot
ratio
Leaf
area
Specific 
leaf area
Light 25.24 * * * 12.52 * * 1.43 ns 12.29 **
Nutrient 2.90 ns 9.36 * * 1.55 ns 0.13 ns
LightxNutrient 2.39 ns 0.98 ns 0.08 ns 0.04 ns
Submergence 779 25 * * * 1119.09 * * * 52.96 * * * 742.07 * * *
LightxSubm 1.92 ns 0.44 ns 0.23 ns 17 70 * * *
NutrxSubm 16.10 ** 13.97 * * 6.38 * 0.52 ns
LightxNutrxSubm 2.24 ns 2.47 ns 0.05 ns 0.02 ns
Population 1.99 ns 2.22 ns 6.46 ** 0.21 ns
LightxPop 0.19 ns 1.55 ns 0.48 ns 0.54 ns
NutrientxPop 0.94 ns 1.61 ns 0.06 ns 0.92 ns
LightxNutrxPop 0.96 ns 1.07 ns 0.13 ns 1.15 ns
SubmxPop 10.14 ** 6.16 * 4.45 * 0.18 ns
LightxSubmxPop 2.67 ns 0.68 ns 0.43 ns 0.44 ns
NutrxSubmxPop 0.25 ns 4.77 * 1.42 ns 0.69 ns
LightxNutr
xSubmxPop
0.23 ns 0.21 ns 0.17 ns 0.47 ns
Seed family 
(Population)
8.16 * * * 6.91 * * * 7.14 * * * 1.25 ns
LightxFam (Pop) 2 99  * * * 2.54 ns 4.14 * * * 1.08 ns
NutrientxFam
(Pop)
0.67 ns 0.81 ns 3.03 * * * 1.87 *
LightxNutr 
xFam (Pop)
1.73 * 1.35 ns 1.08 ns 0.94 ns
SubmxFam (Pop) 4 5 9  * * * 1.47 ns 2.15 ** 0.73 ns
LightxSubm 
xFam (Pop)
3.23 * * * 1.54 ns 1.23 ns 0.45 ns
NutrxSubm 
xFam (Pop)
1.01 ns 0.59 ns 1.12 ns 1.33 ns
LightxNutr 
xSubmxFam (Pop)
1.15 ns 0.39 ns 1.02 ns 0.93 ns
The length of leaf laminas was much less responsive to submergence than 
petiole length (Figs 3 and 4 and Tables 2 and 3). While laminas increased their 
length by 20-30%, depending on the age of leaves, petiole length was increased 
by on average 50-250% (for 3rd and 5th oldest leave, respectively; Fig. 4). Only 
lamina but not petiole plasticity in response to submergence was affected by 
early light and nutrient conditions (Fig. 4 and Table 3). Laminas of plants 
subjected to high light and low nutrient availability were more plastic in 
response to submergence than laminas of plants subjected to low light and high
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nutrient conditions prior to the onset of submergence. However, these 
differences did not result in differences of total leaf length plasticity because 
petiole plasticity had a much larger contribution (Table 3).
The developmental stage of leaves at the onset of submergence 
significantly affected the magnitude of plastic elongation in response to  
submergence, with laminas of developmentally older leaves hardly being able to  
elongate in response to submergence or even growing less than the laminas of 
drained plants (Fig. 4). The positive effect of nutrient limitation on lamina 
plasticity was only apparent in the developmentally older leaves, but not in 
developmentally younger leaves (Fig. 4 and Table 3).
Table 3. Results of a three-way mixed model repeated measure ANOVA testing for 
the effects of pre-treatments on petiole, lamina and total leaf length plasticity (% 
elongation under submergence relative to drained conditions). The position of the 
leaves (3ri to 5th oldest) was used as the repeated factor. _____________
d.f. Petiole
plasticity
Lamina
plasticity
Total leaf length 
plasticity
Light 1 3.14 ns 9.29 f 3.34 ns
Nutrient 1 5.02 ns 32.95 * 7.24 ns
LightxNutrient 1 3.27 ns 0.08 ns 0.67 ns
Population 2 3.50 * 0.48 ns 0.52 ns
LightxPop 2 2.55 f 0.74 ns 1.25 ns
NutrientxPop 2 0.80 ns 0.12 ns 0.71 ns
LightxNutrxPop 2 0.63 ns 1.40 ns 1.22 ns
Seed family (Pop) 12 1.94 f 1.94 f 2.35 ns
Position 2 683.46 *** 47 77 *** 828.07 ***
PosxLight 2 0.98 ns 0.42 ns 0.75 ns
PosxNutrient 2 15.21 * 2.78 ns 4.48 f
PosxLightxNutrient 2 0.09 ns 0.81 ns 1.54 ns
PosxPopulation 4 4.65 ** 0.63 ns 2.72 *
PosxLightxPop 4 2.15 f 1.73 ns 2.13 f
PosxNutrientxPop 4 0.08 ns 0.73 ns 0.33 ns
PosxLightxNutrxPop 4 1.31 ns 2.98 * 0.95 ns
PosxFamily (Pop) 24 2.01 ** 1.04 ns 2.66 ***
F-values and their significance are given. Significance levels are as follows: ns, P > 
0.1; f  0.05<P < 0.1; * 0.01 < P < 0.05; * *  0.001 < P < 0.01; * * *  P < 0.001.
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Variation am ong and w ith in  Populations
Populations differed in lamina biomass and leaf area, as well as in the 
response of leaf length and biomass accumulation in response to submergence 
(Figs 1-4 and Tables 1-3). Plants originating from population B produced on 
average the largest biomass and leaves if grown under drained conditions at 
high light, but plants originating from the three populations did not differ in 
biomass accumulation if subjected to submergence.
Fig. 4. Mean relative petiole and lamina plasticity (% elongation under submergence 
relative to drained conditions, 0% means that the petiole and lamina length did not 
differ between control and submerged plants) in response to submergence. The data of 
the 3rd, 4th and 5th petioles (A) and laminas (B) are given. High light conditions are 
indicated by solid symbols, shaded conditions by open symbols. High nutrients are 
indicated by solid lines, low nutrients by dashed lines. Populations are represented by 
following symbols: Pop A: triangle, Pop B: circle and Pop E: square. P3-P5: 3rd to 5th 
oldest petiole; L3-L5: 3rd to 5th oldest lamina. Please note the different scaling of the 
y-axes for the two leaf compartments.
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The three populations differed significantly in the  degree of plasticity 
expressed upon submergence with population A being the most and population 
E the least plastic (Figs 3 and 4 and Tables 2 and 3). Depending on the light 
conditions experienced at early developmental stage, the ranking of the  
populations with respect to  their submergence-induced plasticity may change, 
as indicated by the significant population x light interaction (Fig. 4 and Table 3). 
For example, plants from  population A, which had been exposed to  high light 
conditions, belonged on average to  the most plastic ones, whereas plants from  
population A which had been exposed to  low light conditions were characterized 
by a medium degree of plasticity (Fig. 4). The relative ranking in plasticity among 
populations also depended on the developmental stage of leaves at the onset of 
submergence, as indicated by a significant position x population interaction, 
which in turn also depended on light conditions experienced prior to  
submergence (Fig. 4 and Table 3). Despite the lack of a comparable effect for leaf 
laminas, the ranking of the total plasticity also depended on early light 
availability and developmental stage of leaves (Table 3), indicating tha t the total 
leaf elongation in response to  flooding is mainly driven by petiole, but not by 
lamina elongation.
Seed families within populations differed significantly for all parameters 
except for specific leaf area (Table 2). The seed families also responded 
significantly different to  early light availability and to  submergence for most 
measured parameters, indicating tha t there is much genetic variation in 
flooding-induced responses as well as in the  effects caused by conditions 
experienced prior to  submergence resulting in a variation of the relative ranking 
of the magnitude of plasticity among seed families.
DISCUSSION
Under natural conditions plants will typically be subjected to  different 
environmental cues throughout their life tim e. Although it is essential for plant 
growth and performance to  be able to  optimally respond to  each individual cue, 
early cues may affect the expression of the optimal responses to  later cues. Cues 
may e.g. have contrasting effects on the response pattern of plants, such as 
shading and mechanical stress which select for opposite phenotypes (Anten et 
al, 2009). There may also be developmental constraints, such as limited 
developmental windows in tim e for cell division, and responses to  a cue at early 
life history stages may prevent optimal response to  a similar cue experienced 
subsequently, leading to  the production of sub-optimal phenotypes (Weinig and 
Delph, 2001). Theoretically, interaction of different cues may also increase the  
phenotypic response, if e.g. plants produce more cells in response to  one cue,
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which can in turn lead to faster or higher levels of response to another 
subsequent cue. This may lead to increased elongation, as there are more cells 
available to elongate.
Our experiment showed that the phenotype produced in a given 
environment was significantly affected by the environmental conditions plants 
had experienced earlier on. The environment experienced under early life history 
stages may affect plant morphology in two ways: first, the effects of the early 
environmental conditions on plant morphology were maintained even after the 
plants were subjected to new conditions; second, early environmental 
conditions also affected the ability of plants to respond plastically to subsequent 
environmental conditions.
Effects o f Early Conditions on Phenotypic Expression
Conditions experienced at early developmental stages affected total leaf 
length and leaf length plasticity expressed in response to a subsequent 
environmental trigger. Interestingly, early light and nutrient availability had 
opposite effects on leaf length compared to leaf plasticity, as leaves which were 
subjected to high light conditions were shorter (even after submergence) but at 
the same time had a more pronounced plasticity, while leaves subjected to high 
nutrient availability were on average longer, but expressed a lower 
submergence-induced plasticity. This opposite pattern indicates that plants have 
more potential for elongation if they haven't yet elongated much, whereas 
elongation potential is reduced in organs that are already relatively more 
elongated because of pre-conditions. The total elongation potential of a leaf may 
also have been limited by cell number. As difference in leaf length had previously 
been shown to be mainly governed by difference in cell size and not in cell 
number (Perik et at., 1989), the leaves which had grown longer in response to the 
pre-treatments had less potential for further elongation than initially shorter 
leaves. This would indicate that morphological constraints determine the 
maximum elongation a leaf can obtain and that elongation in response to 
pre-treatments pre-empts part of the total elongation potential.
The same results can also be interpreted in a way that elongation responses 
to early conditions limit the potential to respond in a plastic way to later 
responses. Similarly Weinig and Delph (2001) have found that in AbutHon 
theophrasti (velvetleaf) Red:Far-red light (R:FR) conditions experienced in early 
life history stages constrained the ability of plants to respond to R:FR conditions 
experienced at later life history stages, even though at both stages selection 
acted in the same direction to increase elongation responses. As a result, plants 
produced a sub-optimal phenotype in response to their new environment. In our 
experiment we present data on the length of leaves which already had been
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present at the onset of submergence treatments. In contrast to our experiment, 
Weinig and Delph (2001) reported data on total seedling height, which includes 
the length of internodes already formed during the first treatment interval and 
newly produced internodes during the subsequent set of treatments. Here the 
newly formed internodes should have had the full elongation potential had their 
elongation not been constrained by a mechanism overriding the direct effect of 
light signal.
Effects o f Early Conditions Depend on Leaf Developm ental Stage
Our results show that the direct effects of early environmental conditions as 
well as the potential to respond to new cues depend on the developmental 
stage of plant organs. Our results show that the effect of environmental 
conditions experienced at early developmental stages decreases in younger 
leaves and that younger leaves have a greater potential to respond to their new 
environment. Most organs have an optimal window in time when they can show 
developmental responses to their environment (Watson et at, 1995). As soon as 
plant organs have finished cell division their potential to respond to the 
environment becomes entirely dependent on cell elongation. Comparable 
effects have been found for shade-induced plasticity in Potentina reptanswhere 
developmentally older leaves were much less responsive to light limitation than 
developmentally younger leaves. This could have been the consequence of the 
fact that older leaves had to rely mainly on cell elongation whereas in younger 
leaves cell division was also increased by shading (Huber H and Leeman R, 
unpublished data). Moreover, cell walls become more rigid and less flexible with 
age, thus increasingly constraining cell expansion with age. Similar relative 
effects could explain the increased leaf elongation in response to submergence 
in developmentally younger leaves for Rumex paiustris. In this species, 
dependence of petiole elongation seemed to be even more limited to elongating 
cells alone, as Perik et al. (1989) found that cell number did increase neither in 
young nor in older petioles during flooding-induced petiole elongation.
Depending on their developmental stage, leaves differ in their response to 
submergence and in the relative effects of preconditions, but the relative effects 
depend on the specific plant organs. The younger the leaves were, the more 
important petiole elongation became for total leaf length and response to  
submergence. While in older leaves laminas contributed to about half of the 
increase in total leaf length, in younger leaves petioles contributed more than 
80% of the increase of total leaf length. At the same time, lamina, but not petiole 
length plasticity was influenced by conditions experienced at early 
developmental stages.
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Effects o f Early Conditions Differ am ong Populations
Populations, as well as seed families within populations differed in their 
response to  the conditions experienced at different developmental stages. Not 
all traits differed to  the same degree. The response of specific leaf area was the  
most consistent tra it among populations as it was mainly determ ined by light 
availability and submergence. Response of leaf length and leaf biomass to  early 
light and nutrient conditions, however, differed among populations, as did 
biomass allocation in response to  subsequent submergence. As a consequence 
of the  population-specific responses of leaf length to  submergence, the relative 
ranking of submergence-induced plastic responses differed among and within  
populations depending on the conditions experienced prior to  submergence. If 
high levels of submergence-induced elongation responses are beneficial in 
term s of increased performance, different seed families will be selected for 
depending on the microhabitat conditions. Also previous research has shown 
that populations or closely related species can differ in the  expression of 
environmentally induced plasticity (Dudley and Schmitt, 1995; Donohue et at., 
2001; Griffith and Sultan, 2005; Griffith and Sultan, 2006; Anten et al., 2009; Chen et 
al, 2009). However, here we add another level by showing that also the  effect of 
conditions experienced at early developmental stages on the response to  
conditions experienced at later developmental stages is affected by the  
evolutionary history of populations. These results may indicate that the  
evolutionary history and cues perceived at different developmental stages thus 
interact in fine-tuning plastic responses to  the environment. Alternatively, these  
results may reflect random differences between populations in the degree of 
which the balance between photosynthesis, storage and growth is sensitive to  
the availability of nutrients and light, which may in turn affect the am ount of 
stored resources available for the response to  submergence.
Costs and Benefits o f Plasticity in Relation to  Habitat Characteristics
The expression of plasticity may also be constrained or selected against due 
to  costs associated with plasticity (van Kleunen and Fischer, 2005; Auld et al, 2010). 
The data of our experim ent indicate that not all populations suffer fitness 
consequences of submergence to  the same extent and that this may be related 
to  the  different magnitude of submergence-induced elongation responses. 
Population B, which had clear advantage over the other populations in terms of 
biomass accumulation, lost relatively more biomass in response to  submergence 
than the other populations. Population B was also characterized by a relatively 
strong submergence-induced petiole elongation response of developmentally 
younger leaves, especially of plants experiencing high light conditions prior to  
submergence. These were also the plants of which biomass accumulation was
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reduced most by submergence. High investment into leaf elongation upon 
submergence has been hypothesized to  impose significant costs in term s of 
survival and performance if plants cannot reach the water surface (Chapter 3; 
other references in Chapter 3) as is the  case in the  current experiment. Our 
results thus support the  hypothesis that high investment in elongation can be a 
considerable cost to  plants.
This strong elongation response to  submergence of population B is also 
consistent w ith the  habitat conditions the plants originated from, as plants of 
this population were collected in a place that was relatively isolated from  the  
riverbed, where flooding can be expected to  occur less frequently but, if 
flooding occurs due to  very high w ater levels, w ater levels are expected to  
remain in this basin for an extended period of tim e due to  the clayish substrate 
and the lack of drainage (Voesenek et at, 2004; Chen et al, 2009). In this 
population high flooding-induced plasticity can be expected to  be selected for as 
strong responses will be advantageous in conditions with infrequent, but longer 
lasting flood events, where plants can benefit from  elongation as soon as they  
have reached the water surface for a prolonged period of tim e. As few  other 
species will be able to  survive the extended flooding periods, light availability can 
be expected to  be high, which will further increase the potential of plants to  
show high levels of elongation in response to  submergence (Fig. 3). These results 
suggest that microhabitat conditions can modulate the response of plants to  
submergence, thereby creating the evolutionary arena leading to  population 
differentiation.
Conclusions: Plasticity as an A pparently Labile Response
Our results indicate tha t plasticity cannot be viewed as a stable response 
which is always expressed to  the same extent to  a given cue, but it may be a 
variable response itself. Such plasticity of plasticity, has recently been coined 
"metaplasticity" (Novoplansky, 2009). This notion has im portant general 
consequences for the way plasticity experiments can be interpreted. If 
preconditions are not the same, the plasticity measured can be quite different in 
magnitude, and the data of our experim ent show that the even the ranking of 
different genetic materials w ith respect to  their magnitude of plasticity may 
change. Plasticity may thus appear 'labile' and hard to  repeat in different 
experiments. We would argue, however, that these 'responses of plastic 
responses' are interesting and relevant by themselves since they may reflect an 
evolutionary history of adaptations to  complex environmental conditions. 
Interactions among different environmental cues thus deserve more attention in 
the future.
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ABSTRACT
Flooding-induced shoot elongation is an important trait for terrestrial plant 
species to survive shallow but prolonged floods. However, natural floods at 
different locations vary strongly in duration and depth, and, therefore, can 
impose different selection pressures on flood-adaptive traits. Here we study the 
physiological determinants of intraspecific variation in shoot elongation in 
Rumex paiustris to elucidate the regulatory steps that lead to significant 
variation in responses between accessions where ultimately selection can act 
upon. We used two accessions of the flooding-tolerant species Rumex paiustris 
that differ in elongation rates upon submergence: a fast-elongating accession 
from a river floodplain and a slow-elongating accession from an artificial lake 
bank. We found that variation in ethylene-regulated abscisic acid levels, and 
hence gibberellin responsiveness explains the difference in petiole elongation 
upon submergence between the two accessions, whereas neither carbohydrates 
nor a class of cell wall loosening proteins, expansins, is limiting in either 
accession.
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INTRODUCTION
Flooding is an irregularly occurring but common stress factor for terrestrial 
plants. Particularly complete submergence has strong effects on plant 
performance. Gases diffuse 10,000 times slower in water than in air (Jackson, 
1985), and the resulting slow entry of oxygen from  the flood w ater into the plant 
limits respiration (Vartapetian and Jackson, 1997; Blom, 1999), whereas low  
carbon dioxide and limited light availability (in turbid water) reduce 
photosynthesis (Vervuren et al., 2003; Mom mer et al., 2005a). As a consequence, 
energy and carbohydrate deficits occur, leading to  slower biomass accumulation 
and eventually plant death, especially in non-adapted plants (Jackson and 
Armstrong, 1999).
During the course of evolution, many plant species have developed adaptive 
traits to  survive flooding (reviewed in Bailey-Serres and Voesenek, 2008; Colmer 
and Voesenek, 2009). One strategy that plants adopt to  overcome the exhaustion 
of energy and thus prolong life when submerged is to  stay quiescent until 
flooding subsides. To conserve energy, many energy-consuming processes, such 
as protein synthesis and ultimately growth are down-regulated (Bailey-Serres 
and Voesenek, 2008; van Dongen et al., 2009). In certain rice varieties underwater 
growth is inhibited by the SUB1A-1 gene, coding for a transcription factor that 
belongs to  the APETALA2/ERF subfamily (Xu et al, 2006; Fukao et al, 2006). The 
limitation of elongation in submerged rice is achieved via a decreased 
responsiveness to  gibberellin (GA) arising from  an increase in DELLA proteins that 
repress GA-induced growth (Fukao and Bailey-Serres, 2008a). However, such a 
response may be beneficial only if submergence is relatively short lasting and/or 
deep and when the plants' potential for carbohydrate storage is sufficiently large. 
Another successful way to  deal w ith slow gas exchange in w ater is to  keep/get 
parts of the  plants above the w ater surface, thus m aintaining/restoring aerial 
contact. To achieve this, some plant species elongate the ir shoots to  keep up 
with rising w ater levels or to  grow above standing flood w ater (Ridge, 1987; 
Kende et a l, 1998; Voesenek et al, 2006; Jackson, 2008). It has been hypothesized 
tha t this escape strategy only has a fitness advantage in environments  
characterized by prolonged, but relatively shallow floods, so tha t leaves can 
actually reach the w ater surface (Voesenek et al, 2004).
Shoot elongation is regulated by the interplay of several plant hormones. 
Ethylene as a gas is continuously produced and physically trapped within the  
plant during submergence, and is considered the primary signal tha t triggers  
shoot elongation (Ku et al, 1970; Musgrave et al, 1972). This accumulated 
ethylene reduces abscisic acid (ABA) levels by inhibiting ABA biosynthesis 
through down-regulation of the ABA biosynthesis gene 9-cls-epoxycarotenold
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dioxygenase (NCED, Benschop et al., 2005) and increasing ABA degradation (Yang 
and Choi, 2006; Saika et a!, 2007). This decline of ABA releases its repression of GA 
biosynthesis and thus facilitates the increase of the GA concentration in the  
submerged tissues (Benschop et al, 2006). In addition, sensitivity to  GA is also 
enhanced by submergence and ethylene (Hoffmann-Benning and Kende, 1992; 
Rijnders et al, 1997). Recently, tw o  SNORKEL genes (SK1and SK2 were isolated in 
deepwater rice (Hattori et al, 2009). These genes belong to  the same 
APETALA2/ERF subfamily as the SUB1A-1gene and are involved in elongation of 
deepwater rice when submerged. The SKgenes act upstream of GA, but it is not 
yet known w hether they interfere with GA (Voesenek and Bailey-Serres, 2009). 
Shoot elongation depends largely on cell elongation (Métraux and Kende, 1984; 
Voesenek et al, 1990), which is regulated by increased loosening of the otherwise  
rigid cell walls (Cosgrove, 2005). Expansins are cell wall loosening proteins (Choi 
et al, 2003; Cosgrove, 2005) tha t have been shown to  be up-regulated upon 
submergence and ethylene application at both the transcript and protein levels 
to  facilitate cell elongation (Cho and Kende, 1997a, b; Vreeburg et al, 2005), thus 
tentatively constituting the downstream targets for hormone regulation. Cell 
elongation requires energy and carbon, and, therefore, depends on the  
availability of non-structural carbohydrates. It has been shown that 
submergence induces mobilization of starch and translocation of newly fixed 
carbon to  the elongating tissues (Raskin and Kende, 1984). It also has been shown 
tha t depleted carbohydrate levels constrain the elongation response under 
w ater (Groeneveld and Voesenek, 2003). Although it is clear tha t these various 
hormones, carbohydrates and cell wall loosening proteins are needed for the  
elongation response, little is known which parts of the signal transduction  
pathway cause differences among and within naturally occurring species. In 
contrast to  wild species, more detailed information is available to  explain 
variation in underwater elongation in cultivated rice varieties. Im portant in this 
respect are the APETALA2/ERF genes that are involved in both growth inhibition 
and stimulation (Voesenek and Bailey-Serres, 2009).
Rumex paiustris is a wetland species, showing a clear petiole elongation 
response upon submergence (Voesenek et a/., 1990). This elongation is crucial to  
escape the long shallow floods the species experiences in its natural habitat 
(Voesenek et al, 2004) and emergence results in higher biomass compared to  
continuously submerged plants (Pierik et a/., 2009). However, floods can differ 
widely in terms of duration and depth (Nabben et al, 1999; Vervuren et al, 2003). 
Therefore, petiole elongation may have been under different selection pressures 
in different flooding regimes. Interestingly, plant life in aquatic environments  
evolved from  terrestrial ancestors more than 200 times, independently (Jackson
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et al., 2009). This suggests that flood-adaptive traits can evolve relatively easy as 
the result of a minor number of mutations, possibly because the basic signal 
transduction mechanisms and the growth machinery required is present in most 
species. Studying intraspecific variation of flood-adaptive traits offers the 
opportunity to elucidate the regulatory steps leading to genetic variation in 
response to flooding, thereby revealing which steps in the signal transduction 
pathways are potentially under micro-evolutionary selective pressure. Chen et al 
(2009) observed genetic variation in flooding-induced petiole elongation among 
populations of R. paiustris. Here we study the regulatory components that might 
explain intraspecific variation in flooding-induced petiole elongation. We 
selected an accession with strong petiole elongation under water, and an 
accession with modest elongation upon submergence. We tested the effects of 
the known regulatory components in relation to the differences in underwater 
elongation between these two accessions. Neither carbohydrates nor expansins 
seemed to explain the intraspecific variation, whereas the interactions between 
ethylene, ABA and GA were different between the accessions. It was found that, 
upon submergence, the ABA concentration was hardly down-regulated in the 
slow elongating accession and that, due to these relatively high ABA levels, this 
accession had reduced sensitivity to GA.
MATERIALS AND METHODS
Plant Materials and Growth Conditions
Two representative accessions of Rumex paiustris Sm. were selected from  
Chen et al. (2009) with a contrasting petiole elongation during 7 d of complete 
submergence. The fast accession is from a river floodplain (Ewijk, The 
Netherlands), and showed strong petiole elongation, whereas the slow accession 
is from an artificial lake bank (Oostvoorne, The Netherlands), and showed 
relatively modest elongation upon submergence.
Seeds for the various experiments were germinated on filter paper 
moistened with tap water in Petri dishes in a germination cabinet for 10 d [12 h 
light, 70 Mmol m-2 s-1 photosynthetic photon flux density (PPFD), 25 °C, and 12 h 
dark, 10 °C]. Morphologically similar seedlings were transplanted singly into 
plastic pots (70 mL), containing a mixture of potting soil and sand (2:1, v:v), 
enriched with 0.14 mg MgOCaO (17%; Vitasol BV, Stolwijk, The Netherlands) per 
pot. Before transplanting, each pot was given 20 mL nutrient solution containing: 
7.5 mM (NH4)2SO4, 15.0 mM KH2PO4, 15.0 mM KNO3 , 86 MM Fe-EDTA, 4.3 MM MnSO4, 1.8 
MM znSO4, 0.32 mm CuSO4, 42 mm H3BO3 , 0.53 mm Na2MoO4and saturated with tap 
water. All chemicals were PA grade (Merck, Darmstadt, Germany). Pots with 
seedlings were kept in trays covered with glass plates for 2 d after transplanting
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to  prevent dehydration, after which they were placed on tw o layers of irrigation 
mat (Maasmond-Westland, De Lier, The Netherlands). The mats were  
automatically watered twice a day with tap w ater to  saturation, and the excess 
w ater was drained. Plants were grown for 17 d after transplanting in a growth  
chamber [20 °C, 70% relative humidity, 16 h light: 200 Mmol m -2 s-1 PPFD (halogen 
lamps: Philips Plusline Pro, 150 W, and sodium lamps: Philips, HPI 400 W; 
Eindhoven, The Netherlands)] until the fifth oldest leaf emerged (Banga et ai, 
1997). Just before experimentation plants were selected for homogeneity of 
developmental stage of the youngest leaf.
Plant Growth Measurem ents
The length of the  third oldest petiole was measured at the start and the end 
of an experim ent to  the  nearest millimeter using a ruler. To monitor growth  
kinetics of this petiole, elongation was measured using linear variable 
displacement transducers (Schlumberger Industries, Bognor Regis, UK; type ST 
2000) according to  Voesenek et al (2003), adjusted with clamps designed to  
measure elongation of only the  petioles and with a net pulling w eight of 5 g. 
Plants were placed singly into the transducer setup with the  junction between  
petiole and lamina attached to  the clamps. Length of the petiole was recorded 
every 10 s and growth rates of the petioles were calculated by fitting lines 
through intervals of 1 h after the start of treatm ents.
Subm ergence Treatm ents
During submergence treatm ents, plants were placed singly in open-top  
glass cuvettes (diameter: 8.3 cm, height: 23.8 cm) and connected to  the  
transducer setup. To achieve complete submergence, demineralized w ater was 
gently added into the cuvettes from  the bottom  until the cuvettes were full. 
Control plants were put in the  cuvettes, but not submerged. For submergence 
treatm ents w ithout transducer measurements, plants were fully submerged in 
larger open-top white plastic containers (60x40x27 cm) with demineralized water. 
Control plants rested on the irrigation mats. The topsoil layer of submerged 
plants was removed before experiments to  prevent algal growth during the  
submergence treatm ent. The submergence treatm ents lasted from  6 h to  3 d in 
various experiments.
Application o f Chemicals
Gibberellic acid (GA3; Duchefa), abscisic acid (ABA; Sigma) and paclobutrazol 
(Duchefa) were dissolved in 96% ethanol, and fluridone (Fluka) in acetone, to  a 
stock concentration of 100 mM, and diluted mainly with demineralized w ater and 
w ith /w ith o u t ethanol/acetone to  various final concentrations. Paclobutrazol (10 
mL 100 mm) was given to  plants via the soil 4 d before the  start of an experiment, 
and fluridone (10 mL 100 mm) 3 d. GA or ABA was added to  the flood water at
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various final concentrations. For control plants, 10 mL 0.1% (v:v) ethanol or 
acetone was given. Ethylene was applied to air-grown plants in a flow-through 
setup with a flow rate of 4 L min-1 at different concentrations. 1-MCP was applied 
for 3 h 1 d before submergence to plants in closed containers at a concentration 
of 1 ml L-1 and on the day of submergence. This double pre-treatment was to 
ensure optimal effectiveness for ethylene inhibition.
N on-structural Carbohydrate M easurem ents
Complete shoots and roots were harvested after submergence or drained 
control treatments, frozen in liquid nitrogen immediately, and kept at -80 °C 
before freeze-drying. After freeze-drying, shoot and root weights were 
measured, and the tissues were ground separately to pass a 0.08 mm sieve. 
Accurately weighed (around 10 mg) homogeneous powder of shoot or roots was 
used for non-structural carbohydrate measurements. As a first step, ethanol 
extraction was performed in two rounds at 25 °C. After centrifugation, the 
supernatant was cleaned up by two rounds of chloroform additions and finally 
used for determination of soluble sugars. The residue from the ethanol 
extraction was dissolved in water at 60 °C and subsequently centrifuged. The 
new supernatant contained fructans that were subsequently determined. The 
residue from this step was dried and subsequently boiled with HCl to extract 
starch. The concentration of the three fractions of carbohydrates was 
determined using the anthrone color reaction (Yemm and Willis, 1954). Anthrone 
reagent (5 mL; containing 0.04 mM anthrone, 6% ethanol, and 75% H2SO4) was 
added to 100 ml sample per fraction, and incubated in a boiling water bath for 7.5 
min, after which it was cooled down immediately in ice water. The absorbance 
was measured using a spectrophotometer (Hitachi U-2000, Goffin Meyvis, 
Etten-Leur, The Netherlands) at 625 nm. Concentrations of sugars were 
calculated using a calibration curve based on solutions containing known 
amounts of glucose covering the range of samples' absorbance.
Endogenous ABA M easurem ents
The third oldest petioles were harvested after submergence or drained 
control treatments, frozen in liquid nitrogen immediately, and kept at -80 °C 
before freeze-drying. Thirty petioles were pooled to have enough material per 
sample. The quantification of ABA and ABA metabolites were carried out by the 
Plant Biotechnology Institute, National Research Council Canada using HPLC 
ESI-MS/MS. For a detailed description of the method used, see Chiwocha et ai 
(2003).
RNA Extraction and Real-Time RT-PCR
The third oldest petioles were harvested after submergence or drained 
control treatments, frozen in liquid nitrogen immediately, and kept at -80 °C
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before extraction. Five petioles were pooled to have enough material per sample. 
RNA was extracted using a modified method of Kiefer et al (2000). Nucleon Phyto 
Pure extraction resin (50 ml, GE Healthcare, Eindhoven, The Netherlands) was 
used. Residual genomic DNA was broken down with two to six times of 
treatments of RNase-free DNaseI (Applied Biosystems, Nieuwerkerk aan den 
IJssel, The Netherlands). Approximately 1 Mg of total RNA was used for cDNA 
synthesis using random hexamers (Invitrogen, Breda, The Netherlands) and the 
SuperScript III Reverse Transcriptase kit (Invitrogen, Breda, The Netherlands). 
RT-PCR was performed with a Bio-Rad MyiQ single color real-time PCR detection 
system with SYBR green as fluorescent intercalating dye (Bio-Rad, Veenendaal, 
The Netherlands). Primer sequences are 5'-CCATACTCCACCAGTGTTGC-3' and 
5'-CATCATCATCACCCTCAACG-3' for tubulin, 5'-TTCTCCGGCCAGCTCAACT-3' and 
5'-CGAACATTTCTTTGGTGACGG-3' for RpNCED1 (GenBank accession number 
DQ173535), and 5'-AGACGTTCACTCGGTGTCGAT-3' and 5'-CAGTTCTGGCCCCAATTCC-3' 
for RpEXPA1 (GenBank accession number AF167360). Relative mRNA values were 
calculated using the comparative 2-AAct method described by Livak and 
Schmittgen (2001), expressing mRNA values relative to tubulin RNA. All transcript 
levels were presented relative to the value obtained at t=0 h and 2log 
transformed.
Statistical Analyses
We did ANOVA followed by Tukey/Games-Howell post hoc comparisons for 
specific comparisons among groups (SAS version 9.1; SPSS version 16). 
Transformation was used when necessary to improve the homogeneity of 
variance.
RESULTS
Variation in Flooding-Induced Petiole Elongation betw een Accessions
The flooding-induced petiole elongation rates of two previously identified 
(Chen et al, 2009) accessions of Rumex paiustris were obtained using linear 
variable displacement transducers (Fig. 1). During the submergence period of 60 
h, the so-called fast accession had a higher growth rate than the slow accession, 
resulting in significantly longer petioles. The control plants of both accessions 
showed very small differences in growth rates resulting in slightly larger petioles 
in the fast accession. The growth of submerged, but also control plants, was 
characterized by a diurnal pattern with an increase in growth rates during the 
night and a decrease during day time.
Variation in Carbohydrate C ontent
To elucidate whether carbohydrate explained the observed difference in 
flooding-induced petiole elongation between the fast and slow accessions, the
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Fig. 1. Elongation rates of the 3rd oldest petiole of the slow (open symbols) and fast 
(closed symbols) accessions of R. palustris under submerged (circles) and drained 
control (triangles) conditions. The submergence treatment started at t=0. Growth rates 
were calculated every hour from length data monitored by the transducer setup. Data 
are the mean of 6 biological replicates. For clarity reason, standard error (s.e.) is not 
shown. s.e. varies from 2.9*10-3 mm h-1 to 9.7*10"2 mm h-1. Black bars indicate 8 h 
dark periods. Length increment of 3rd oldest petiole in 3 d is 13.6 ± 1.3 mm for 
submerged fast accession, 7.2 ± 1.1 mm for submerged slow accession, 3.0 ± 1.0 mm 
for drained fast accession, and 2.3 ± 0.7 mm for drained slow accession.
0 20 40 60
Time (h)
dynamics of soluble sugars, fructans and starch were studied during 
submergence (Fig. 2). The two accessions had very similar initial concentrations 
for these three types of carbohydrates. Upon submergence a decline in soluble 
sugars, fructans and starch was observed in the elongating shoots of both 
accessions. However, no significant differences were observed between the two 
accessions. Roots of both accessions showed no decline in starch and fructans 
upon submergence, whereas a decline in root soluble sugars was observed, 
being stronger in the slow accession.
Since almost no differences in initial levels and in the dynamics of 
carbohydrates upon submergence were observed between the two accessions, 
we conclude that carbohydrates are not likely to explain the differences in 
petiole elongation rate between the fast and slow accessions.
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Fig. 2. Concentrations of soluble sugar (A, B), fructan (C, D) and starch (E, F) of the 
shoots (A, C, E) and roots (B, D, F) of the slow (open symbols) and fast (closed 
symbols) accessions of R. palustris under submerged (circles) and drained control 
(triangles) conditions. The submergence treatment started at t=0. Data are mean ± s.e., 
n=4. Black bars indicate 8 h dark periods. For statistics see Table S1.
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Hormone Regulation
Ethylene
To study the involvement of ethylene, ethylene levels were manipulated 
with the ethylene perception inhibitor 1-MCP. Pre-treatment with 1-MCP 
reduced underwater elongation significantly in both accessions (Fig. 3A),
0
0
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Fig. 3. (A) Elongation rates of the 
3rd oldest petiole of the slow (open 
bars) and fast (closed bars) 
accessions of R. palustris in 3 d 
under drained control and 
submerged conditions without or 
with 1-MCP pre-treatment. (B) 
Elongation rates of the 3rd oldest 
petiole of the slow (open symbols) 
and fast (closed symbols) accessions 
under submerged (circles) and 
drained control (triangles) conditions 
after pre-treated with 1-MCP. The 
submergence treatment started at 
t=0. Growth rates were calculated 
every hour from length data 
monitored by the transducer setup. 
Black bars indicate 8 h dark periods. 
(C) Elongation rates of the 3rd oldest 
petiole of the slow (open symbols) 
and fast (closed symbols) accessions 
of R. palustris to different 
concentrations of ethylene. Data are 
mean ± s.e. except (B), n=6-7 for 
(A) and (B), n=4 for (c). For clarity 
reason, s.e. is not shown in (B). s.e.
varies from 1.3 x10-3 mm h-1 to
9.6*10-2 mm h-1. Different letters 
indicate significant differences 
(Games-Howell test for A  and Tukey 
test for C, P<0.05). For statistics of 
the line chart in (C) see Table S2.
Drained Submerged Drained Submerged
Time (h)
particularly during the first 40 h of submergence (Fig. 3B). Interestingly, both 
accessions maintained a growth rate that was significantly enhanced compared 
to non-submerged controls, suggesting that ethylene inhibition was incomplete 
or that factors insensitive to 1-MCP contribute to underwater elongation in 
Rumex. Most importantly, the difference in growth rate between the two 
accessions was abolished in 1-MCP pre-treated plants. Furthermore, the diurnal 
growth pattern as observed in untreated control plants (Fig. 1) completely 
disappeared upon 1-MCP pretreatment, suggesting a role for ethylene in 
maintaining diurnal growth patterns in non-submerged R. palustrisplants.
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Together these data suggest that ethylene-controlled events are 
responsible for the variation In floodlng-lnduced petiole elongation between R  
paiustris accessions. Accordingly, the variation in petiole elongation between 
both accessions could be mimicked in non-submerged plants by exposure to 
external ethylene (Fig. 3C). This effect of ethylene might operate directly on gene 
transcription or it might act via intermediate steps such as ABA and/or GA.
Fig. 4. (A) A B A  concentration of the 
3rd oldest petiole of the slow (open 
bars) and fast (closed bars) 
accessions of R. palustris under 
submerged and drained control 
conditions. (B) Relative transcript 
abundance of the R. palustris 
NCED1 gene in the 3rd oldest petiole 
of the slow (open bars) and fast 
(closed bars) accessions after 6 h of 
submerged and drained control 
conditions. Values are measured with 
real-time RT-PCR with tubulin as 
internal standard, relative to the 
value at t=0 and 2log transformed. 
(C) Elongation rates of the 3rd oldest 
petiole of the slow (open symbols) 
and fast (closed symbols) accessions 
of R. palustris to different 
concentrations of A B A  under 
submerged (circles) and drained 
control (triangles) conditions. Data 
are mean ± s.e., n=3 for (A), n=5-6 
for (B), n=10 for (C). Different 
letters indicate significant differences 
(Games-Howell test, P<0.05). For 
statistics of the data in (C) see Table 
S3.
External ABA (pM)
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ABA
ABA concentrations in the fast and slow accessions were similar under 
drained condition (Fig. 4A). However, the fast accession had a significantly lower 
ABA concentration after 6 h of submergence than its drained controls, whereas 
the ABA concentration in the slow accession remained the same. The decline of 
ABA levels in R. paiustris is regulated by a reduced biosynthesis (decrease of 
RpNCED gene expression; Benschop et a!, 2005). Consistently, the fast accession 
showed a stronger decline in RpNCEDl transcript abundance after 6 h of 
submergence than the slow accession (Fig. 4B). These observations suggest that 
differences in the down regulation of ABA determine the differences in 
elongation rates of R. paiustris accessions upon submergence. This would 
predict that addition of ABA to submerged plants should abolish the difference 
in elongation between these two accessions. The results presented in Fig. 4C are 
consistent with this hypothesis.
Fig. 5. Responses of the 3rd oldest petiole of the fast (closed symbols) and slow (open 
symbols) accessions of R. palustris to different concentrations of G A  under 
submerged (circles) and drained control (triangles) conditions. Data are mean ± s.e., 
n=10. When submerged without additional G A  after pre-treatment of paclobutrazol, 
length increment of 3rd oldest petiole in 3 d is 10.3 ± 0.4 mm for the fast accession, 
and 6.5 ± 0.7 mm for the slow accession. For statistics see Table S4.
External G A (pM )
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Fig. 6. (A) Elongation rates of the 3rd oldest petiole of the slow (open symbols) and 
fast (closed symbols) accessions of R. palustris pre-treated with paclobutrazol and 
1-MCP under submerged conditions with (circles) and without (triangles) G A  (10 mL 
100 ^M) in the submergence water. (B) Elongation rates of the 3rd oldest petiole of the 
slow (open symbols) and fast (closed symbols) accessions of R. palustris pre-treated 
with paclobutrazol, 1-MCP and fluridone under submerged conditions with (circles) 
and without (triangles) G A  (10 mL 100 ^M) in the submergence water. The 
submergence treatment started at t=0. Growth rates were calculated every hour from 
length data monitored by the transducer setup. Data are mean of 6-7 biological 
replicates. For clarity reason, s.e. is not shown in the figures. s.e. varies from 4.9*10-4 
mm h-1 to 7.4*10-2 mm h-1 in (A), and from 4.1*10-4 mm h-1 to 9.4*10-2 mm h-1 in 
(B). Black bars indicate 8 h dark periods.
20 40
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GA
In order to investigate the role of GA in the variation in flooding-induced 
shoot elongation, we applied GA to drained control and submerged plants. 
Exposure to a range of GA concentrations demonstrated that the fast accession 
of R. palustrisis slightly more responsive to GA under drained condition than the 
slow accession (Fig. 5). During submergence high external GA concentrations 
could not rescue the slow growth of the slow accession to the level of the fast 
accession (Fig. 5). The difference in flooding-induced petiole elongation between 
accessions remained when endogenous GA was removed by a paclobutrazol 
pre-treatment (data not shown). This suggests that the growth difference 
between both accessions is not related to differences in endogenous GA levels 
upon submergence.
Since the mechanisms regulating GA responsiveness in R. paiustris have not 
yet been elucidated completely (Rijnders et al, 1997; Benschop et al., 2006), we 
investigated if a putative difference in GA responsiveness between the two 
accessions is controlled by ethylene-ABA interactions. We tested the response of 
the two accessions to GA application during submergence in the presence of the 
ethylene perception inhibitor 1-MCP. Simultaneously, endogenous GA production 
was inhibited by paclobutrazol to prevent GA concentration differences. We 
found that blocking ethylene signaling inhibits the GA response in the slow 
accession, whereas the fast accession can still display a proper GA response (Fig. 
6A). This confirms that in addition to controlling GA biosynthesis, the ethylene 
pathway can probably also control GA responsiveness, predominantly in the slow 
accession. To further prove this hypothesis, we tested if GA response in 1-MCP 
pretreated plants of the slow accession during submergence could be rescued 
by artificially lowering the endogenous ABA levels using a pre-treatment with 
the ABA biosynthesis inhibitor fluridone. As expected, this treatment rescued the 
GA response in the slow accession (Fig. 6B). Interestingly, the fast accession 
showed no GA response, but even in the absence of GA these plants already 
elongated with similar rates as the GA-treated plants in Fig. 6A. We conclude that 
ethylene-induced ABA reductions not only enhance GA biosynthesis (Benschop 
et al, 2005), but also GA responsiveness, at least in the slow accession in this 
study.
Variation in Cell Wall Loosening
Since differentiation in ABA-regulated increase in GA responsiveness seems 
to be key to the difference in flooding-induced shoot elongation between the 
accessions, we checked if this in fact is a difference in growth potential at the 
very downstream level of cellular growth regulation. To this end we studied the 
expression of the submergence-associated Rumex paiustris EXPANSIN A1 gene
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(RpEXPAl) in the two accessions. Expansins allow for loosening of the cell wall, 
which will then yield more to the turgor pressure to stimulate cell expansion. As 
shown in Fig. 7, RpEXPAl is up-regulated upon submergence, but similarly so in 
both accessions. This suggests that the accessions do not vary at this very 
downstream level of growth control, indicating that variation of 
flooding-induced petiole elongation is independent of RpEXPAl.
Fig. 7. Relative transcript abundance of the R. palustris EXPANSIN A 1 gene 
(RpEXPAl) in the 3rd oldest petiole of the slow (open bars) and fast (closed bars) 
accessions after 6 h of submerged and drained control treatments. Values are 
measured with real-time RT-PCR with tubulin as internal standard, relative to the 
value at t=0 and 2log transformed. Data are mean ± s.e., n=5-6. Different letters 
indicate significant differences (Games-Howell test, P<0.05).
-1 .0
Drained Subm erged
DISCUSSION
Flooding-induced shoot elongation enables submerged plants to restore 
contact with light and air, and thus improves aerial photosynthesis and aerobic 
respiration. This plant trait predominantly occurs in environments characterized 
by prolonged, but relatively shallow flooding events (Voesenek et al, 2004). Leaf 
emergence out of flood water resulting from fast shoot elongation benefits 
biomass accumulation if these plants contain sufficient aerenchyma (Pierik et al, 
2009) to facilitate gas diffusion through the entire plant (Colmer, 2003). The 
objective of the present work was to elucidate which differences in regulatory
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steps in the signaling pathway can explain genetic variation in flooding-induced 
shoot elongation. This was studied in two accessions of R. paiustris that are 
characterized by different elongation rates when submerged. Although both 
accessions responded to flooding with enhanced elongation rates (Fig. 1), it 
resulted in higher petiole elongation rates and thus longer petioles in the 
accession originating from a floodplain compared to the accession originating 
from a lake side ecosystem (Fig. 3A). These differences were traced down to 
different steps in the regulatory pathways.
Carbohydrates Are Not Limiting in Either Accessions
Plants with flooding-induced shoot elongation, such as deepwater rice 
(Raskin and Kende, 1984) and R. paiustris (Groeneveld and Voesenek, 2003), 
require carbohydrates for their elongation growth. The work of Groeneveld and 
Voesenek (2003) demonstrated that low levels of carbohydrates in R. palustriscan 
hamper elongation growth under water. Due to low rates of underwater 
photosynthesis in R. paiustris (Mommer et al, 2005a, b), the production of 
carbohydrates during submergence is very limited. Therefore, petiole elongation 
depends strongly on carbohydrates stored over the growth period before the 
onset of submergence. In our study, the slow and fast accessions had similar 
non-structural carbohydrate contents at the start of submergence, and 
consumed it at a comparable rate resulting in similarly reduced levels after 2 d of 
submergence (Fig. 2). We conclude that carbohydrate levels are not limiting the 
elongation rate of the slow accession and thus that carbohydrates cannot 
account for the differences in flooding-induced petiole elongation between the 
two accessions of R. paiustris. In contrast to our data, flood tolerant and 
intolerant cultivated rice lines did show different consumption rates of starch 
and soluble sugars during submergence treatments (Fukao et al., 2006).
Variation between Accessions Comes From an Ethylene-Controlled Pathway 
Flooding-induced shoot elongation in wetland plants is regulated by the 
interplay between plant hormones and downstream targets that affect the cell 
wall structure (Voesenek et al, 2006). In R. paiustris, flooding triggers petiole 
elongation by prompting a cellular increase in the gaseous hormone ethylene, 
which promotes a decline in abscisic acid and an increased synthesis of, and 
responsiveness to gibberellin (Bailey-Serres and Voesenek, 2008). The ethylene 
action inhibitor 1-MCP strongly, but not completely, inhibited flooding-induced 
petiole elongation in both accessions (Fig. 3A, B). This incomplete inhibition and 
the high specificity of 1-MCP for ethylene (Serek et al, 1994) suggest that 
ethylene-independent components contribute to petiole elongation in 
submerged R. paiustris. This is consistent with earlier findings that 
submergence-induced growth rates usually exceed those obtained under
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ethylene fumigation (Fig. 3C; Voesenek et al, 1997). Interestingly, 1-MCP 
completely abolished the differences in growth rates between the two 
accessions, suggesting that an ethylene-controlled pathway is responsible for 
the variation in the rate of underwater elongation in R. paiustris. This was 
confirmed by the observation that external ethylene application could mimic the 
difference in petiole elongation between the two accessions over a range of 
ethylene concentrations (Fig. 3C).
Down Regulation of ABA Levels Differs in Two Accessions
One of the first targets of accumulated ethylene in submerged plants is ABA 
(Hoffmann-Benning and Kende, 1992; Benschop et al, 2005; Fukao and 
Bailey-Serres, 2008a). Due to inhibition of the biosynthesis genes RpNCED 
(Benschop et al, 2005) and fast breakdown of ABA (Benschop et al, 2005; Saika et 
al, 2007), the levels of this hormone decline by almost 70% in 1 h (Benschop et al, 
2005). The fast R. paiustris accession showed a much stronger decline in ABA 
levels after 6 h than did the slow accession (Fig. 4A). This is accompanied by a 
stronger down regulation of RpNCED1 in the fast accession (Fig. 4B). These data 
suggest that differences in endogenous ABA determine the different elongation 
rates of submerged petioles of the two accessions. Consistent with this finding is 
the observation that high levels of externally applied ABA abolished the growth 
difference between fast and slow genotypes. It is important to notice that at 
these high ABA levels the submerged plants still maintained substantially higher 
growth rates than those observed in control plants without ABA (Fig. 4C), 
demonstrating that ABA at high levels was not simply toxic to these accessions. 
Consistent with our data, an elongating deepwater rice variety also showed a 
slightly stronger ABA reduction than a non-elongating deepwater variety 
(Hattori et ai, 2009). However, another example from domesticated rice research 
could not find differential control of ABA levels between elongating and 
non-elongating cultivars (Fukao and Bailey-Serres, 2008a), suggesting that rice 
breeding programmes have not always bred for flooding responses universally.
Interestingly, previous work with Rumex acetosa, a species unable to 
increase petiole elongation upon submergence and ethylene treatments, also 
suggested a critical role for ABA in controlling under water elongation among 
species (Benschop et al, 2005). In petioles of this species no significant decline in 
endogenous ABA was observed upon submergence. However, artificially 
lowering ABA levels using pre-treatment of fluridone resulted in a three-fold 
increase in the petiole elongation rate upon submergence. Pre-treatment with 
1-MCP could not inhibit this stimulated elongation in R. acetosa, this is 
consistent with the downstream position of ABA relative to ethylene. Thus, 
naturally occurring variation in flooding-induced petiole elongation occurs both
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within and between species. Importantly, this variation in plasticity occurs at the 
same signal transduction step, suggesting that similar evolutionary pressures 
operate on genetic variation within and between species from the Rumexgenus. 
Two Accessions Differ in GA Responsiveness
The central role of the plant hormone ABA in controlling under water 
growth rates raises the question on the identity of the ABA targets. Previous 
work demonstrated that ABA inhibited expression of the GA biosynthesis gene 
RpGA3ox1 and thus the increase in GA biosynthesis upon submergence 
(Benschop et al, 2006). However, our data in Fig. 5 show that high external GA 
additions cannot rescue the slow growing accession during submergence. This 
suggests that differences in flooding-induced elongation growth between the 
two accessions cannot be, unexpectedly, explained by differences in 
endogenous GA that could have resulted from the differences in ABA content 
upon submergence.
It is known for R. paiustris that ethylene stimulates the responsiveness of 
petioles to GA (Rijnders et al, 1997), but there were no indications so far that ABA 
would affect GA responsiveness in this species (Benschop et al, 2006). However, 
work with deepwater rice showed that ethylene enhances the responsiveness of 
internodes to GA via a reduction in endogenous ABA (Hoffmann-Benning and 
Kende, 1992). In order to study the impact of ABA on GA responsiveness in our 
two contrasting accessions we inhibited ethylene action and GA biosynthesis 
simultaneously. Presumably these plants had control (i.e. similar to 
non-submerged plants) levels of ABA. Under these conditions GA could only 
stimulate petiole growth in the fast accession (Fig. 6A). When we lowered the 
ABA content by adding fluridone, GA responsiveness in the slow accession was 
restored, whereas the fast one elongated, irrespective of GA addition, with high 
rates similar to GA-treated plants in the experiment without fluridone (Fig. 6B). 
We conclude from these data that ABA affects GA responsiveness in R. paiustris 
accessions, in addition to affects GA biosynthesis, and that GA-induced petiole 
elongation is more repressed in the slow accession by relatively high ABA levels 
compared to the fast accession. It will be a topic for future studies to elucidate at 
exactly which level GA responsiveness is controlled. Most likely it is not at the 
very downstream level of expansins since the two accessions show a very similar 
up regulation of the RpEXPA1 gene, which is the only expansin gene in R. 
palustristhat is submergence-induced (Vreeburg et al, 2005). It is demonstrated 
in rice that SUB1A controls stem elongation via DELLA protein levels (Fukao and 
Bailey-Serres, 2008a). It is therefore possible that DELLA protein levels differ 
between both Rumexaccessions during submergence. As shown for Arabidopsis 
this in turn can increase ABA levels via the XERICOgenes (Ko et al., 2006; Zentella
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et al., 2007) thus potentially explaining the difference in ABA content between 
the two Rumexaccessions upon submergence.
Conclusion
In summary, our data suggest that the different petiole elongation rates of 
submerged R. palustris accessions are related to a restricted decline of 
endogenous ABA concentrations and a very low GA responsiveness at these 
relatively high ABA concentrations in the slow growing accession. The effect of 
ABA on GA responsiveness reveals a novel role of ABA in regulating GA 
responsiveness in R. paiustris. This work and earlier studies with R. acetosa 
suggest that differences between species in flooding-induced petiole elongation 
are regulated similarly (via ABA) as variation within species. Similar evolutionary 
processes may have been acting on genotypic variation within species and 
between species in the Rumexgenus.
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Table SI. The results of three-way ANOVA for the effects of treatment, accession, and time on 
concentrations of soluble sugar, fructan and starch in the shoots and roots of R. paiustris in Figure 2.
F-value
d.f. Shoot Shoot Shoot Root Root Root
soluble sugars fructans starch soluble sugars fructans starch
Treatment 1 93 9 7 *** 63.39*** 53 97 *** 63 .51*** 1.27ns 0.04ns
Accession 1 3.81f 1.37ns 0.40ns 9.00** 0.53ns 5.73*
Time 3 1.94ns 2 .88* 0.50ns 1.70ns 1,03ns 2.29f
Treatment x accession 1 2 .99f 1.82ns 0.09ns 0 .02ns 0.39ns 0.32ns
Treatment x time 2 0 .68ns 0.81ns 1.58ns 6.59** 2.13ns 0.67ns
Accession x time 3 0.19ns 1.57ns 0.57ns 0.70ns 0.28ns 2 .68f
Treatment x accession x time 2 1.16ns 1.08ns 0 .22ns 0.71ns 0.19ns 0.19ns
F-values and their significance are given. Significance levels are as follows: ns, P >  0.1; f  0.05 <  P <  0.1; 
0.01 < P <  0 .0 5 ;**  0.001 < P <  0.01; * * * P <  0.001.
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Tabi e S2. The results of two-way A N O V A  for the effects of ethylene and accession on 
the e longation of the 3rd oldest petioles of R. palustris in Figure 3C.
F-value
d.f. Elongation
Ethylene 4 18.20***
Accession 1 43 .32***
Ethylene x accession 4 2.64f
F-values and their significance are given. Significance levels are as follows: f  0.05 < 
P < 0.1; *** P < 0.001
Table S3. The results of three-way A N O V A  for the effects of treatment, accession and 
A B A  on the elongation of the 3rd oldest petioles of R. palustris in Figure 4C.
d.f.
F-value
Elongation
Treatment 1 2140 .20***
Accession 1 96.25***
ABA 3 99 93 ***
Treatment x accession 1 231 .37***
Treatment x ABA 3 104.25***
Accession x ABA 3 19 10***
Treatment x accession x ABA 3 18.19***
F-values and their significance are given. Significance levels are as follows: *** P < 
0.001.
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Table S4. The results of three-way A N O V A  for the effects of treatment, accession and 
G A  on the elongation of the 3rd oldest petioles of R. palustris in Figure 5.
d.f.
F-value
Elongation
Treatment 1 2852 .58***
Accession 1 225 .02***
GA 4 9.55***
Treatment x accession 1 135.13***
Treatment x GA 4 1.01ns
Accession x GA 4 0.56ns
Treatment x accession x GA 4 1.37ns
F-values and their significance are given. Significance levels are as follows: ns, P > 
0.1; *** P < 0.001.
105

Chapter 6
Summarising Discussion
Chapter 6
Flooding is a common stress for most terrestrial plants. Due to much slower 
gas diffusion in water than in air (Jackson, 1985), photosynthesis and respiration 
are limited under water (Gibbs and Greenway, 2003; Mommer et at, 2006a). Energy 
deficits thus develop and plants may eventually die (Jackson and Armstrong, 
1999). Plants have evolved several adaptations to submergence. One of the most 
conspicuous adaptations is flooding-induced shoot elongation, which may bring 
the tip of the shoot above the water surface and re-establish contact with the air 
(Ridge, 1987; Kende et al, 1998; Jackson, 2008). Restored gas diffusion helps plants 
to survive flooding by improving respiration and photosynthesis. As a result of 
natural selection on flooding tolerance, and more specifically on 
flooding-induced shoot elongation, plant species living along a flooding gradient 
often exhibit different extents of flooding-induced shoot elongation (Voesenek 
et at, 2004). This thesis is based on the hypothesis that, similar to species 
differentiation along flooding gradients, plant individuals of the same species 
may also show different degrees of flooding-induced shoot elongation. 
Depending on the frequency and depth of flooding in their natural habitats, 
populations may differ with respect to their adaptation to submergence. In 
addition, within-population variation in response to flooding is expected to exist. 
Intraspecific variation forms the basic precondition for adaptive flooding 
tolerance to evolve. Comparison of plants differing in their degree of 
flooding-induced shoot elongation provides important information on the 
possibilities and impossibilities (i.e., constraints) for environment-driven 
micro-evolution of flooding tolerance. This thesis aims to provide insights into 
the intraspecific variation in flooding-induced petiole elongation of a wetland 
species, Rumex palustris, from signal transduction pathways to ecological and 
micro-evolutionary implications.
The next section presents the main results and conclusions of the previous 
experimental chapters, and is followed by a general discussion.
MAIN RESULTS AND CONCLUSIONS
Intraspecific variation in flooding-induced shoot elongation is the basis of 
this thesis. We collected seeds of individual plants from 12 natural populations of 
R. paiustris in the Netherlands, of which habitats could be roughly divided into 
two types, i.e., dynamic riverine areas and areas with relatively stagnant water 
levels. Chapter 2 shows that both petioles and laminas in R  paiustris responded 
to submergence by elongation growth, and that petiole length of submerged 
plants was up to six fold longer than that of drained controls, whereas, overall, 
lamina length was hardly affected by submergence. The flooding-induced shoot 
elongation, therefore, came from petiole elongation. Populations differed
108
Summarising Discussion
significantly in this trait. Petioles of plants from some populations elongated 
almost twice as much as those from other populations, despite the fact that 
petiole lengths were similar in drained control plants of all populations. This 
proved that indeed there is genetic variation in flooding-induced petiole 
elongation. Such variation existed both among and within populations, and 
there was more variation within than among populations. Not only the final 
petiole length differed, but also the time course of elongation was different. 
Some populations responded to submergence by a strong and immediate 
elongation, whereas other populations elongated at a modest speed for a longer 
time period. However, habitat types did not significantly affect the magnitude 
and kinetics of flooding-induced petiole elongation, and the difference in petiole 
elongation could not be linked to habitat type. It was concluded that 
spatio-temporal variation in the flooding regimes together with a persistent 
seed bank of this species may have contributed to the maintenance of great 
genetic intraspecific variation in flooding-induced petiole elongation. One 
explanation for the absence of a correlation between habitat types and 
elongation responses is that two populations in areas with stagnant water levels 
may have just developed in the past 10 years. For these populations, time may 
not have been long enough yet to adapt to the local flooding regimes if the first 
seeds came from populations adapted to different environmental conditions. It 
would be interesting to sample these two populations over time to determine 
whether and how long it takes for local adaptations to take place.
Flooding-induced shoot elongation involves not only benefits in terms of 
bringing the plants to better illuminated water layers and/or restoring gas 
exchange with the air above the water surface, but also involves costs of energy 
and carbohydrates needed for elongating cells. Chapter 3 aims at determining 
the fitness consequences of variation in such a trait. Generally, plants did benefit 
from restoration of aerial contact through flooding-induced shoot elongation. 
Plants which were flooded for four weeks and allowed to elongate their leaves 
above the water surface had higher biomass than those that were restrained 
from reaching the water surface. Comparing slow- and fast-elongating 
populations showed that the relative costs and benefits of elongation depend on 
the frequency of flooding. When plants were submerged frequently for a short 
period of time, plants characterized by fast elongation produced less biomass 
than plants characterized by slow elongation, indicating substantial costs of 
flooding-induced shoot elongation in transient flooding events. When flooding 
lasted longer, plants from both fast- and slow-elongating populations had similar 
performance. This is different from our prediction that fast-elongating 
populations would benefit sooner and thus longer from reaching out of the
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flood water earlier, and therefore have higher biomass than the slow-elongating 
populations. The reason for the lack of advantage of plants from the 
fast-elongating populations in long-lasting submergence could be that the 
benefits of fast elongating plants emerging one or two weeks earlier had faded 
in the eight weeks of post-emergence period when the slow-elongating plants 
caught up in reaching out of the water surface. Future experiments with only a 
short post-emergence period or a larger difference in elongation rate between 
populations may reveal the advantage of fast flooding-induced shoot elongation 
under prolonged flooding. In addition, longer-term fitness experiments in which 
plants that differ in elongation responses grow in natural habitats with their 
native flooding regimes and with other non-native flooding regimes for several 
generations will help to further elucidate actual fitness consequences of 
flooding-induced shoot elongation.
Plastic shoot elongation is induced by flooding, but the extent of such a 
response depends not only on the genetic background of the plants, but may 
also be modulated by the environmental conditions that plants experience 
immediately before the onset of flooding. Since the degree of flooding-induced 
shoot elongation has fitness consequences for the plants, it is important to 
know the effects of pre-flooding growth conditions on flooding-induced shoot 
elongation. Chapter 4 shows that pre-flooding light and nutrient conditions 
affected plant morphology and biomass allocation. Depending on pre-flooding 
light conditions, populations differed in their flooding-induced elongation 
plasticity. Each population examined had specific but differing combinations of 
light and nutrient requirements to exhibit the strongest elongation response 
under water, and the ranking of the extent of elongation of populations differed 
among the combinations of light and nutrient conditions. Interestingly, young 
leaves expressed higher plasticity if they had been exposed to lower nutrient 
availability. In addition, the effects of pre-flooding light conditions on petiole 
length of old leaves remained throughout submergence treatments. Taken 
together, the results suggested that populations may have adapted to the local 
environmental conditions which then affected flooding-induced petiole 
elongation.
This intraspecific variation provides an opportunity to elucidate the 
physiological determinants which underpin this genetic variation, and thus 
determine steps in the signal transduction pathways which are potentially under 
micro-evolutionary selective pressure. Two accessions with the most contrasting 
flooding-induced petiole elongation, i.e., slow and fast elongating, were used for 
this study in Chapter 5. Non-structural carbohydrates provide the elongating 
petioles with energy and building blocks. We found that both slow- and
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fast-elongating accessions had similar carbohydrate contents at the start of 
submergence, and consumed the carbohydrates with a similar rate during 
submergence. The lack of difference in carbohydrate dynamics is thus not likely 
to explain the difference of petiole elongation upon submergence found in the 
slow- and fast-elongating accessions. Flooding-induced shoot elongation is 
known to be regulated by interplay of various hormones. The difference in 
flooding-induced petiole elongation between the two accessions was abolished 
when ethylene perception was blocked. This indicates that the intraspecific 
variation originates from ethylene-controlled events. Abscisic acid (ABA) as a 
downstream target of ethylene signalling was found to be down-regulated in 
the fast-elongating accession upon submergence through down regulation of 
ABA biosynthesis, whereas the ABA levels in the submerged slow-elongating 
accession remained much higher. Therefore, variation in ABA levels is likely to be 
responsible for the variation in petiole elongation between accessions of R  
paiustris. Furthermore, we found that ethylene-controlled ABA reduction 
enhanced gibberellin (GA) responsiveness, especially in the slow-elongating 
accession. It was concluded that because of the lack of reduction of ABA levels in 
the slow-elongating accession upon submergence, GA responsiveness was low 
and this led to slow elongation. Variation in ethylene-ABA controlled GA 
responsiveness, therefore, causes the intraspecific variation in flooding-induced 
petiole elongation in R  paiustris (Fig. 1). However, further experiments are 
needed to elucidate the steps of signal transduction between GA responsiveness 
and petiole elongation. Moreover, studying intraspecific variation may be an 
approach which can be used more generally in physiological-molecular studies 
which aim at understanding the regulatory mechanisms of plants' responses to 
their environment. In addition, it would be interesting to see if the difference in 
petiole elongation found in chapter 4 is also under the same control of 
hormones, or whether the difference caused by pre-flooding growth conditions 
is controlled differently, such as by carbohydrates or other elements.
COMPARISON WITH RICE
Another well-studied system for flooding tolerance is rice, which is often 
grown in semi-aquatic conditions. Most cultivars are well adapted to flooding 
through thousands of years of domestication and breeding programmes. 
Mechanisms of flooding tolerance have largely been elucidated in two main 
ecotypes: deepwater rice and rainfed lowland rice. Deepwater rice is grown in 
areas which can be flooded for several meters deep. Flooding-induced shoot 
elongation of mainly the internodes allows deepwater rice to keep part of the 
shoot above the water when flood water gradually rises (Kende et al, 1998).
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Fig. 1. Scheme of the studied part of signal transduction from submergence to petiole 
elongation in R. palustris. Open arrow indicates where the slow- and fast-elongating 
accessions start to differ.
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Sudden deep flooding may cause death of deepwater rice because of lack of 
oxygen due to complete submergence during the elongation phase (Setter and 
Laureles, 1996). Artificially reduced elongation using a GA biosynthesis inhibitor 
resulted in higher survival rates of these cultivars under experimental conditions 
during which restoration of contact with the atmosphere was prevented (Setter 
and Laureles, 1996). On the other hand, most rainfed lowland rice cultivars that 
are grown in areas where mostly only soil flooding occurs do not survive 
complete submergence. However, some of them, suitable for cultivation in areas 
with sudden, deep flash floods, survive submergence by inherently slow or 
absent shoot elongation (Singh et al., 2001; Xu et al, 2006). Both enhanced and 
restricted shoot elongation upon submergence in deepwater rice and lowland 
rice are also controlled by ethylene-dependent GA-mediated processes (Fukao 
and Bailey-Serres, 2008b; Voesenek and Bailey-Serres, 2009). The intraspecific 
variation in flooding-induced shoot elongation between deepwater and lowland 
rice is comparable to our fast- and slow-elongating R  paiustris populations. 
However, the rice system has stronger contrasts, possibly due to more 
contrasting flooding regimes of their habitats and stronger selection pressures. 
Insights obtained in the rice system can be used to further dissect the 
mechanisms behind the natural variation in R  paiustris shown here. The 
important role of ABA in differentiating flooding-induced shoot elongation 
among plants of the same species in R  paiustris on its turn may serve as a 
starting point to unravel intraspecific variation for this trait in other species, 
such as rice and Rorlppa spec. (Stift et ai, 2008).
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OTHER TRAITS DIFFERING AMONG POPULATIONS
Not only flooding-induced shoot elongation differs among populations of R  
paiustris, but these populations also vary in their germination characteristics. In 
general, R. paiustris needs alternating temperatures for optimal germination 
(Voesenek et al, 1992). However, when seeds were first germinated under 
continuous 20 degrees for four days, and then followed by three days 25/13 
degrees 12/12 h, all seeds from different populations germinated at the end of 
the seven day period, but the germination rates were different in each of these 
two temperature regimes (Fig. 2). Clearly, variation in germination is significant 
among populations. Despite that germination rates are higher in populations 1-6 
which were collected in 2004 than in populations 7-12 which were collected in 
2005, variation within the populations 1-6 and 7-12 is still high. It indicates that 
some populations need stricter conditions to germinate than others, and/or 
they germinate slower than others. This may have an influence on population 
occurrence in nature. Because R  paiustris occurs in dynamic riverine areas with 
periodic flooding and the plants are vulnerable to flooding as seedlings after 
germination (Voesenek and Blom, 1992), germination characteristics may affect 
survival and performance later in life in such habitats. This variation, in addition 
to variation in flooding-induced petiole elongation, shows that these 12 
populations are different intrinsically. There could be intraspecific variation in 
other aspects of life history besides germination, which influences flooding 
tolerance and/or a population's success. It is worthwhile to study the ecological 
relevance of these variations and their regulatory mechanisms.
Fig. 2. Seed germination rate of 12 populations of R. palustris under first continuous 
20 degrees (20) for 4 d and then 25/13 degrees 12/12 h (25/13) for 3 d. Data are 
means ± s.e., n = 8. For information of the populations, see Table 1 in chapter 2.
1 2 3 4 5 6 7 8 9 10 11 12 
Population
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Chapter 6
CASE STUDY OF ECOLOGICAL DEVELOPMENTAL BIOLOGY (ECO-DEVO)
To summarise, in this thesis we found intraspecific variation in 
flooding-induced shoot elongation in R  paiustris. Physiologically, this variation is 
caused by different GA responsiveness, which is controlled by enhanced 
ethylene levels and the resulting reduction in ABA concentrations under 
flooding conditions. Environmentally, the pre-flooding light and nutrient 
conditions influence the extent of flooding-induced elongation responses of 
different populations, which suggests that the variation in growth conditions 
adds to the genetic variation at the phenotypic level. Ecologically, emergence of 
submerged plants above the water surface achieved by flooding-induced shoot 
elongation is clearly associated with fitness benefits, whereas faster elongation 
often brings costs or no benefits compared to slower elongation under various 
flooding regimes.
Taken together, both genetic and environmental variation contributes to 
phenotypic variation and the fitness consequences of phenotypic variation are 
affected by the variation of a single environmental stress factor. The eco-devo 
approach used in this project could serves as an example to study plant 
developmental responses to the environment (Sultan, 2007). The scope from 
molecular-physiological biology to ecology helps us to recognise the 
environment as an important regulatory component (Sultan, 2010). This 
recognition has implications for vegetation restoration. We cannot simply 
transplant plants from one place to another and expect them to be functioning 
the same in the new habitat as in the old one. Environmental regulation of plant 
performance needs to be determined beforehand.
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SUMMARY
We humans all belong to the same biological species, and yet every one of us 
is different from each other. Some of us have blue eyes and blond hair and some 
of us have brown eyes and dark hair; some of us stand over 2 m and weigh over 
100 kg and some of us are just over 1.5 m and 50 kg; some of us are crazy about 
cheese, liquorice and herring and some of us are better without them...The 
differences between individual human beings of the same species also hold for 
plants of the same species, but may perhaps be less obviously. To understand 
how differences between individuals of same species have come about helps us 
to understand how a species functions, no matter whether the species is a 
human or a plant.
One obvious difference between people is their body length. The tallest 
person ever was measured 2.72 m and the shortest person only 0.65 m. One 
benefit of being tall is that when floods come, the taller a person is, the higher 
the chance that that person can stick his/her head above water surface and keep 
breathing, while the short person has less chance to survive. This is not too 
relevant for humans who can run away, but it is for plants that are fixed in the 
ground. Some plant species have indeed evolved the ability to elongate their 
shoots to reach out of flood water. The emerged plant parts above the water 
surface act as snorkels to allow gases diffuse from the atmosphere to the 
submerged plant parts to maintain normal life processes. Other plant species do 
not do this but shut down luxurious processes and maintain only basic life 
processes, and survive flooding without restoration of contact with air above the 
water surface.
It has thus been reported that plant species differ in their abilities to survive 
flooding and the strategies to survive flooding. In this thesis we intended to 
identify differences between plants of the same species in their strategies to 
survive flooding, in particular the extent of shoot elongation upon submergence. 
Based on this, we also investigated how the plants achieve this different capacity 
of flooding-induced shoot elongation and what the consequences of such 
differences are.
We used the plant species Rumex paiustris (Marsh Dock) for this study. It 
occurs mainly in areas near rivers which are flooded frequently and the flood 
water depth can vary from 0.5 up to 3 m. It can also be found in areas with 
(temporary) standing water and experience flooding due to heavy local rainfall. 
We collected seeds of this species from 12 populations growing in areas of 
different flooding characteristics.
The shoots of R  paiustris are made up of leaves during the non-flowering 
season which last most of the plant life. The leaves consist of the petiole (the
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'stem') and lamina (the leaf blade). In chapter 2 we found that plants from all 
these 12 populations elongated their leaves, mainly the petioles, in response to 
flooding and the extent of petiole elongation differed greatly among 
populations. Plants from some populations elongated twice as much as plants 
from other populations. Furthermore, plants of the same population but from 
different mothers also differed in the extent of flooding-induced petiole 
elongation. Not only the final length was different, plants were different also in 
the timing of elongation. Some populations had immediate and strong 
elongation, whereas other populations had modest elongation lasting for a 
longer period of time. However, different from what we expected, there was no 
link between the extent of elongation and the flooding characteristics of their 
habitats. Not all populations from places which were more frequently flooded 
elongated more than populations from areas with standing water. Due to spatial 
variation within each of the habitats, such as physical barriers preventing 
flooding and the types of soil which drain at different speeds, and due to 
temporal variation in the timing and duration of flooding, in addition to a 
long-lasting seed bank in the soil, great variation in flooding-induced leaf 
elongation has been maintained within populations.
As mentioned above, there are at least two contrasting strategies to survive 
flooding. Firstly, elongating the shoots to grow above the flood water and 
restore contact with air; secondly, shut down as many physiological processes as 
possible to reserve energy and re-start growing after the flood subsides. Both 
come with costs and benefits, and the two strategies have advantages and 
disadvantages in different flooding conditions. When the flood water is deeper 
than the height a plant can achieve, the elongating strategy will lead to plant 
death due to exhaustion of energy wasted in the elongation response. In this 
case, the sit-still strategy is beneficial since it saves energy which can be used for 
re-growth. When the flooding lasts for a short period of time and the flood water 
subsides before the plants reach out of the water surface by elongation growth, 
the elongating strategy also mainly brings costs to the plants, rather than 
benefit.
All of our 12 populations responded to flooding by elongation growth but to 
a widely different extent, and in Chapter 3 we examined how the costs and 
benefits of elongation would fall out under different combinations of flooding 
depth and duration for our most fast and most slow elongating populations. In 
the plant world, the performance of a plant is typically measured by the weight it 
obtains; the more biomass, the better it survives and the more seeds it produces 
and hence the fitter a plant is. We found that plants benefited from 
flooding-induced elongation responses by restored contact with air: plants
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produced more biomass when they grew their leaves above the water surface 
than when they were kept under water throughout submergence. When the 
slow- and fast-elongating populations were compared, we found the 
disadvantages of fast elongation under frequent short-lasting flooding, but 
surprisingly no advantages of such elongation under long-lasting flooding. 
Further experiments are needed to adjust the flooding characteristics to allow 
potential advantages of fast elongation.
The capacity for flooding-induced shoot elongation may depend on many 
factors. One of them may be the level of nutrition and reserves. Since plants 
need carbon and mineral nutrients to grow taller and the acquisition of carbon 
and nutrients during flooding is very limited, plants depend on the reserves 
accumulated before flooding. Chapter 4 shows that light and nutrient 
conditions before flooding affected plant architecture and different populations 
had different light and nutrient requirements to exhibit the strongest 
flooding-induced leaf elongation. As a result, the ranking of different 
populations in their elongation capacity depended on the specific combination 
of light and nutrient conditions, prior to submergence.
In plants, there are several hormones involved in the elongation responses. 
To understand how plants of the same species can show different degrees of 
flooding-induced leaf elongation, we subjected them to submergence and 
determined their hormone levels in chapter 5. We found that the hormone 
abscisic acid (ABA) was responsible for the differences between the slow- and 
fast-elongating plants. As a negative regulator of the elongation response, ABA 
was found in higher concentrations in the slow-elongating plants than in the fast 
ones. As a consequence, the responsiveness of the leaves to growth-promoting 
hormones gibberellins was found higher in the fast-elongating plants than in the 
slow ones. Interestingly, the different ABA levels were previously found 
responsible for the differences between two species of Rumex differing in 
flooding-induced leaf elongation, suggesting that differences between species 
are regulated in the same way as differences within species.
To summarise, in this thesis we provide new information on the mechanisms 
and consequences of differences in flooding-induced leaf elongation. This 
increases our understanding of how plants survive flooding, and may ultimately 
contribute to the improvement of flooding-tolerance of crops, which is 
important by itself because most crops are not flooding-tolerant and leading to 
millions of Euros loss every year around the world. Although some answers are 
given in this thesis, new questions arise at the same time, which require further 
investigation in various research lines.
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SAMENVATTING
Wij mensen horen allemaal tot dezelfde soort en toch verschilt iedereen van 
elkaar. Sommigen van ons hebben blauwe ogen en blond haar, terwijl anderen 
bruine ogen en zwart haar hebben; sommigen worden meer dan 2 meter lang en 
wegen meer dan 100 kg; anderen bereiken nauwelijks anderhalve meter en 50 kg. 
Ook houden sommigen van kaas, drop en haring, terwijl anderen dat liever laten 
staan... De verschillen die er tussen individuele mensen bestaan, treden ook op 
tussen individuen van planten van dezelfde soort, hoewel de verschillen 
misschien wat minder opvallen. Het begrijpen hoe verschillen tussen individuen 
van dezelfde soort tot stand zijn gekomen, helpt ons om te begrijpen hoe een 
soort functioneert, of dit nu een mens of een plant is.
Een opvallend kenmerk dat sterk kan verschillen tussen mensen is de 
lichaamslengte. De langste persoon ooit was 2,72 meter, terwijl de kleinste 
volwassene slechts 0,65 meter mat. Eén voordeel van lang zijn is dat tijdens 
overstromingen de kans groter is dat je met je hoofd boven water uit blijft 
steken, zodat je kunt blijven ademhalen. Voor mensen is dit niet zo relevant 
omdat mensen kunnen weglopen, maar voor laagblijvende planten, die met hun 
wortels in de grond vast zitten, des te meer. Als aanpassing aan overstroming 
hebben een aantal plantensoorten de mogelijkheid ontwikkeld om bij 
overstroming hun bovengrondse delen (de spruit) sterk te laten strekken om tot 
boven het water te reiken. De dan boven water uitstekende plantendelen 
fungeren als snorkels en maken het mogelijk voor gassen om vanuit de 
atmosfeer de plant in te diffunderen en zo de ondergedoken plantendelen te 
bereiken. Op deze wijze kunnen de normale levensprocessen gecontinueerd 
worden. Andere plantensoorten strekken niet en zijn in staat om overbodige 
processen stil te leggen en alleen de basale processen te laten verlopen, om op 
deze wijze zonder contact met de atmosfeer een overstroming te overleven.
Uit de literatuur is bekend dat plantensoorten verschillen in hun vermogen 
en in hun strategieën om overstroming te overleven. In dit proefschrift is 
getracht om vast te stellen in hoeverre planten van dezelfde soort van elkaar 
verschillen in spruitstrekking tijdens volledige overstroming. Gebaseerd op deze 
verschillen werd ook onderzocht wat de oorzaak van deze verschillen was, en 
wat de gevolgen waren voor de overleving van de planten.
Voor het onderzoek is gebruik gemaakt van de plantensoort Rumex 
palustris(moeraszuring). Deze soort komt voornamelijk voor in gebieden in de 
nabijheid van grote rivieren die regelmatig overstroomd worden en waar de 
waterdiepte tijdens zo'n overstroming kan variëren van 0,5 m tot 3 m. 
Moeraszuring kan ook aangetroffen worden aan de oevers van stilstaande 
wateren, waar perioden met zware neerslag leiden tot periodieke overstroming.
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Zaden van twaalf verschillende populaties werden verzameld in het veld waarbij 
gebieden werden gekozen die verschilden in hun karakteristieken van 
overstromingsduur en -frequentie.
De bovengrondse delen (spruit) van R. paiustris bestaan voor het grootste 
deel van zijn levenscyclus uit een rozet van bladeren, totdat de planten aan het 
einde van hun levenscyclus gaan bloeien. Ieder blad bestaat uit een petiool 
(bladsteel) en een lamina (bladschijf). In hoofdstuk 2 wordt aangetoond dat 
planten van alle twaalf populaties strekking van vooral hun petiolen vertoonden 
wanneer zij volledig onder water werden geplaatst. Echter, de mate van 
strekking verschilde sterk tussen de populaties. Planten van sommige populaties 
strekten tot twee keer zo lang als andere populaties. Bovendien verschilden ook 
planten uit dezelfde populaties maar afkomstig van verschillende 
moederplanten van elkaar in hun strekkingsrespons. Niet alleen was de 
eindlengte van de bladeren anders, ook de timing van strekking varieerde tussen 
planten. Enkele populaties vertoonden onmiddellijke en snelle strekking; andere 
populaties lieten een geleidelijke strekking zien die langer aanhield. Echter, in 
tegenstelling tot onze verwachting was de mate van strekking van de bladeren 
niet gerelateerd aan de overstromingskarakteristieken van de habitat van 
oorsprong. Niet alle populaties van geregeld overstroomde plekken strekten 
sneller of langer dan populaties van habitats met stagnant water. Het is 
waarschijnlijk dat de grote variatie die gevonden werd mede veroorzaakt wordt 
door een veelheid van factoren die de mate en frequentie van 
overstromingsstress op een specifieke groeiplaats bepalen. Fysieke barrières als 
dijken, dammen en rivierduinen die overstroming kunnen beperken of afvoer 
van overstromingswater juist kunnen tegenhouden, zorgen voor een grote 
variatie aan overstromingsduur binnen één habitat. Bovendien zijn 
overstromingen in het Nederlandse rivierengebied en andere aan grotere 
wateren grenzende gebieden onvoorspelbaar van jaar tot jaar. Naast zijn 
strekkingsreactie heeft R. palustris een persistente zaadbank, die er voor zorgt 
dat ongunstige jaren wat overstromingskarakteristieken betreft niet 
onmiddellijk leiden tot het uitsterven van een populatie of een specifiek 
aangepast genotype.
Zoals hierboven genoemd, zijn er ten minste twee contrasterende 
strategieën voor een plant om overstroming te overleven. Ten eerste leidt 
strekking van de spruit er toe dat deze boven water groeit en het contact met de 
lucht herstelt; als tweede strategie kan het verminderen van de activiteit van 
energievragende processen leiden tot het conserveren van energie, zodat groei 
kan worden hervat zodra de overstroming voorbij is. Beide strategieën hebben 
voor- en nadelen, afhankelijk van de karakteristieken van de overstroming.
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Wanneer het overstromingswater dieper is dan de hoogte die een plant met 
overstromingsgeïnduceerde strekking kan bereiken, zal de strekkingsstrategie 
meestal leiden tot de dood van de plant, omdat reservevoorraden van 
koolhydraten uitgeput raken onder dergelijke zuurstofgelimiteerde condities. Bij 
dergelijke overstromingen is de "afwachtende" strategie voordeliger omdat 
deze energie bespaart die gebruikt kan worden voor hergroei. Wanneer de 
overstroming slechts een korte periode duurt en het water zich weer terugtrekt 
voordat de planten boven water gegroeid zijn, zal de strekkingsstrategie ook 
slechts kosten met zich meebrengen, in plaats van voordelen.
Alle twaalf R. paiustris populaties reageerden op overstroming met 
stengelstrekking en in Hoofdstuk 3 hebben we onderzocht hoe de verschillende 
mate van strekking (snelle groei leidend tot lange petiolen versus tragere groei 
en kortere petiolen) leidt tot verschillen in kosten en baten onder verschillende 
combinaties van overstromingsduur en -diepte. In het algemeen kan de fitness 
van een plant (zijn capaciteit om nakomelingen te produceren) worden 
afgemeten aan de grootte van de plant. We hebben gevonden dat R. paiustris 
planten voordeel hadden van het bereiken van het wateroppervlak tijdens 
overstroming. Planten produceerden een hogere biomassa wanneer de bladeren 
boven water kwamen, vergeleken met planten die volledig onder water werden 
gehouden. Bij vergelijking van de langzaam en de snelstrekkende populaties 
bleek dat snelle strekking nadelen opleverde tijdens vaak voorkomende maar 
kortdurende overstromingen. Echter, voordelen werden niet gevonden tijdens 
langer durende overstromingen. Verdere experimenten zijn nodig om te zien of 
bij andere overstromingskarakteristieken dan in dit experiment werden 
aangeboden, er mogelijk wel voordelen van deze snelle strekking aan het licht 
komen.
De capaciteit van planten om hun bladeren te strekken onder water hangt 
van vele factoren af. Omdat bouwstoffen en energiedragers nodig zijn voor groei 
en deze slechts in beperkte mate aangeleverd kunnen worden zolang de plant 
onder water staat, zijn planten voor de strekkingsrespons grotendeels 
afhankelijk van de voorraden van deze essentiële stoffen die voorafgaand aan de 
overstroming zijn opgeslagen. Hoofdstuk 4 laat zien dat licht- en 
nutriëntencondities voorafgaand aan overstroming de architectuur van de plant 
beïnvloeden. Daarbij bleek dat de verschillende populaties ieder een andere 
combinatie van deze hulpbronnen nodig hadden om tot een optimale 
overstromingsgeïnduceerde bladstrekking te komen. Als gevolg hiervan 
veranderde de volgorde van de mate van strekking tussen populaties bij 
verschillende licht- en nutriëntenomstandigheden voorafgaand aan de 
overstroming.
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In planten zijn er verschillende hormonen betrokken bij de 
strekkingsrespons. Om te begrijpen hoe planten van dezelfde soort een 
verschillende mate van overstromingsgeïnduceerde strekking laten zien, werden 
in hoofdstuk 5 planten overstroomd waarna de hormoonconcentraties werden 
bepaald. Hierbij bleek dat het hormoon abscisinezuur (ABA) verantwoordelijk was 
voor de verschillen tussen snel en langzaam strekkende planten. ABA is een 
negatieve regulator van de strekkingsrespons, en werd dan in hogere 
concentraties aangetroffen in langzaam strekkende planten. Het gevolg hiervan 
was dat de mate van respons van de bladeren op het groeistimulerende 
plantenhormoon gibberelline verminderde in deze langzame groeiers. 
Opmerkelijk is dat een dergelijk verschil in ABA-concentraties eerder werd 
gevonden tussen twee aparte Rumex-soorten die eveneens van elkaar 
verschilden in strekkingsrespons, wat doet vermoeden dat verschillen tussen 
soorten op dezelfde manier gereguleerd worden als verschillen binnen soorten.
Samenvattend heeft dit proefschrift geleid tot een verder begrip van de 
mechanismen en de consequenties van verschillen in 
overstromingsgeïnduceerde bladstrekking tussen planten van dezelfde soort. 
Uiteindelijk kan een dergelijk stap bijdragen aan de verbetering van 
overstromingstolerantie van landbouwgewassen. Deze groep plantensoorten is 
in het algemeen niet bestand tegen overstroming, wat jaarlijks wereldwijd leidt 
tot miljoenen Euro's schade. Hoewel enkele vragen beantwoord zijn in dit 
proefschrift, heeft het onderzoek tegelijkertijd andere vragen opgeroepen, 
zodat langs diverse lijnen verder onderzoek is gewenst.
136
Acknowledgements
Acknowledgements
Doing a PhD on a different continent, working in different departments, and 
dealing with people from different countries made me aware of the intraspecific 
variation in everyday life. I respect such variation, even though it may give rise to 
problems in the first place, and have learnt a lot from it, biologically and socially.
The completion of this thesis is definitely not a one person job. It is the 
result of collective work of every one whose lives have overlapped with mine at 
some point because without you I would not be who I am today and there would 
not be such a thesis. Your contribution to the completion of my PhD, directly or 
indirectly, is hugely appreciated, even though I may not know your names.
Hans, thank you for keeping balance of my work in Nijmegen and Utrecht 
and ensuring the "big picture" of my project, for sharing your views on life, and 
for making my defence happen so soon. Rens, thank you for introducing me to 
the world of the super plant Rumex with your enthusiasm when we first met 
back in 2003, and for noticing my progress and improvement all those years. Your 
kind words at the evaluation meeting in 2006 made me almost burst into tears. 
When you come to visit China, I will spoil you in the Chinese way! Thank you for 
being optimistic, happier even than myself about the results of various 
experiments.
Heidi, thank you for reinforcing ecological knowledge on me. What I have 
learnt most from this project are the importance of trade-offs and costs and 
benefits, which can be more generally applied to every aspect of life. Thank you 
for your brilliant scientific ideas and your unselfishness, and for your occasional 
sparks of opinion on life. Eric, thank you for being very practical, no matter 
whether it concerned writing or experiments, for taking me home from the 
hospital after I was drugged, and for taking my request on the reflection of 
myself seriously; it helped me to know myself and the "alien" culture better. The 
moment you were very happy about my painting made me realise how happy I 
could be by making other people happy! Ronald, we go back to my Master's 
studies in 2003. Thank you for teaching me how to tell stories in presentations 
and writing, rather than simply put facts together - the way I would do it, for 
thinking deeper behind what I said to you and thus revealing my unhappiness 
before I even realised it, and for also noticing my progress, spotting good traits 
in me some of which I did not know myself and encouraging me. I am sorry that I 
disappointed you by stopping growing way earlier than you could expect, but 
that this project is finished after all is partly thanks to you; I did not want this 
project to fail simply because there were five million reasons for it to fail. Hendrik, 
thank you for teaching me to be strict on myself, for bringing fresh views to this 
project, and for being a nice office mate. Ton, thank you for your interest in the 
ecological part of this project, and for being patient and supportive when I had
138
Acknowledgements
difficulties with qPCR.
My colleagues in Nijmegen and Utrecht, thank you for the social events we 
had together, coffee breaks, lunch breaks, drinks, sports, dinner, barbecues, 
parties, excursions, day-outs... which assured me that life is far more than just 
work. Corien, thank you for your kindness and generosity, for bringing my bed 
from IKEA, and your TV set works just fine. Coco, thank you for pointing out my 
curiosity, and for your vigorous presence at the department. Tamara, thank you 
for answering my cultural questions, and for encouraging me during the last 
stage of your own PhD. Jelmer, thank you for giving me the chance to see a 
beautiful Dutch wedding. Kasia, thank you for your help with my dirty harvest. 
Jinfeng, thank you for the "decent" food you made, and for your help with my 
experiments whenever I was in need of extra hands. Naomi, Gabriella, Vítek, 
Tomas, Ling and Lisa, although we only shared a short time at the department, I 
enjoyed the relaxing atmosphere while you were around. Marco, thank you for 
your cheese and sausages, and for helping me in various aspects, such as with 
my computer. Marloes, thank you for answering my cultural questions, and for 
sharing your enthusiasm. Liesje, thank you for your encouragement. You 
touched me when you said you wanted me to be happy! Eelke, thank you for 
voluntarily taking the task of organising lab meetings from me, and for you 
colourful New Year cards. Josef, thank you for your cheerful attitude, and for 
your help with statistics. José B, thank you for talking to me the first time we met 
right before my interview; it helped greatly for me to calm down! Thank you for 
having me over for Christmas dinner, and for taking my parents to see how the 
Dutch have lived over the past centuries. You are like family to me, not only 
because you are the same age as my mum. José A, thank you for you kindness. 
Harry S, thank you for colleting seeds of Rumexall over the country on your own. 
Gerard B, thank you for the entertainment you provided every now and then. 
Annemiek, thank you for the chitchat we had. Hannie, you make my favourite 
chocolate pie! Thank you for the "gezellig weekendjes" with fresh fruits, 
vegetables and tea, and for your support and encouragement during the last 
phase of my PhD. I would also like to thank people in the adjacent departments 
(Aquatic Ecology and Environmental Biology, Animal Ecology and Ecophysiology, 
and Ecogenomics) for their help and pleasant atmosphere. Cristina, thank you for 
being my squash partner. Without you I would never know how much fun one 
can have with a broken racket! I am grateful to people in the personnel 
department, especially Martijn, Eva and Leny, who made it less troublesome to be 
a foreigner. I am thankful to the greenhouse staff. Harry Z and Walter, thank you 
for your help with my experiments, and for your interests not only in my project 
but also in my life. Yvette, thank you for the "gezellig" cooking and eating events,
139
Acknowledgements
and for the dinner, movie and talks we had. Gerard W, thank you for your 
professional care of everything I needed in the greenhouse. People who have 
worked in the greenhouse, I thank you for any help you gave me. I want to thank 
the teachers of various courses I have had, especially Gijs and Paulien from Art of 
Presenting Science. Thank you for enlightening me to see the world from a 
theatrical way, which is quite different from the scientific way, and yet well 
applied to everyday life. You made me understand that not only the content, but 
also the way the content is presented is important, which I would not have 
figured out myself.
Now we move to Utrecht. Tanja, thank you for sharing your post-PhD 
experience with me. Zohreh, thank you for insights on Rumex. Basten, thank you 
for your brilliant laughter to break the silence. Martijn, thank you for sharing 
various experimental tips, and for introducing me to Shoestring. Rashmi, thank 
you for the barbeque, for which I desperately wished the clouds to disappear, 
and for the fun of playing Wii first time in my life. Diederik, thank you for 
introducing me to Geo Challenge which has enhanced my global knowledge. Asia, 
thank you for your amazingly nice hair which eased my troubled mind, and for 
the nice pies you baked. Mieke, thank you for being patient with my endless 
questions about the Dutch culture, for being enthusiastic about my project, and 
for listening to my frustrations. Wouter, thank you for sowing hundreds of seeds 
for me. Divya, thank you for having me staying in Utrecht when I needed to be in 
the lab before 7 am. Thank you for making me nice food, eating with me even 
when it was not your dinner time, for sharing your view on life with me, and for 
the laughter we had. Hans V, thank you for being thoughtful, for example to pick 
up the pizzas. Henri, thank you for your interest in things related to China, and 
for sharing your various stories. Frank and Thijs, thank you for your input to my 
project during and beyond the work discussion. Piet, thank you for your stories 
at the Christmas dinner. Julia, thank you for stopping me being obsessed with 
the "quarter life crisis", for your interests and enthusiasm in my project, even at 
the first time we met, and for your always cheerful and pleasant presence. Judith, 
thank you for introducing me to the relaxing Het Debuut concerts. Ankie, thank 
you for your help whenever I could not find what I was looking for in the 
molecular lab, and for the nice cover design of this thesis. Yvonne, thank you for 
your technical help in the lab, and for reminding me about the logistics of large 
experiments. Rob, thank you for doing the night shifts for me (!), for providing 
solutions to any needs of my experiments, and for explaining me the Dutch 
culture. Hans A, thank you for showing me how to build a tent, for being 
interested in my project, and for listening to my complaints about life. Kerstin 
and Joke, we did not work together for long, but I enjoyed your words. Helene
140
Acknowledgements
and Martie, thank you for making the paperwork a lot easier for me. Helene, 
thank you for arranging appointments with various professors for me when I 
first arrived in Utrecht in 2003 and taking me to them. Maarten, thank you for 
developing the computer program for me to measure parameters of thousands 
of samples a lot easier and faster. I thank my students in Nijmegen and Utrecht, 
Marloes, Danny and Faline, for their contribution to my thesis, and for making me 
realise the enormous amount of efforts I have received from my various 
supervisors!
To my cooperators in Amsterdam: Peter, thank you for your input to my 
project; Alex, thank you for being there for my presentations more than three 
times; Melis, thank you for the time we spent together in various locations, in 
and out of this country.
I would like to thank participants of various courses, meetings and 
conferences for their scientific input and cheerful attitude. I want to thank the 
Centre for Wetland Ecology for providing such an excellent PhD project by 
developing a wide network of various departments in several universities! I 
would also like to thank the people travelling between Nijmegen and Utrecht 
every day. You made it much easier for me to get up in the dark cold mornings 
and the travelling much more interesting!
Life is not just work, even the life of a PhD. Chris, thank you and your fellow 
rock scientists for the dinner we had together. It was the "gezelligst" social event 
I have ever had here! It made me starting to understand the fun of 
human-human interaction. It was also nice to know that, although we are doing 
totally different sciences, different forms of science do have a lot in common. 
Thank you for your cross-cultural understanding, encouragement, and for 
making me more confident about myself. I would like to thank all my teachers at 
the sports centre for releasing my stress, and more. Renee, thank you for 
speaking English with me, even for just small words like "thank you". Willemijn, I 
owe you a "thank you" for saying "low" once just because of me. I was too tired 
to react accordingly. Lisanne, I love your enthusiasm very much! Your brilliant 
smile has cheered me up so many times. Iris, thank you for your kindness. Erik, 
Pieter and Rene, thank you for teaching me squash. It is such an interesting sport! 
Martin, thank you for "buying" my photo and sharing your wonderful photos 
with me, and for taking me climbing for the first time in my life and being patient 
and encouraging.
I also would like to thank my friends back in China. Although we were able to 
meet only once a year, your support never discontinued. Dear Pei, thank you for 
your everlasting understanding, support and wisdom! Xin, thank you for sharing 
your "secret" and views on it with me. My new Chinese friends in the Netherlands,
141
Acknowledgements
Xiaoting, thank you for being such a nice "sister", for having me in the houses 
you have lived, for the nice trip to Prague we had together with Finbar, and for 
him making the dance music CD for me. Jingkun, thank you for the nice dinner 
and trips we had together. Jian, Sheng, Dongping, Yanchao, Ning, Xinyan, Li, 
Shaozheng, Xiao, Mei, M in g .  thank you for your support and help at various 
phases of my PhD and beyond, and the time we spent together. Mr. Ren, thank 
you for your kind help at the last phase of my PhD.
Finally, I would like to thank my family.
To finish, I would like to express my gratitude again from the bottom of my 
heart to every one who has made who I am today. Without you, it would be 
different!
142
Curriculum Vitae
Curriculum Vitae
Xin Chen was born on the 22nd of September 1980 in Beijing, China. She has 
been fascinated by the living organisms since her first biology lesson. Ten year 
later she got her BSc degree in Biotechnology at Beijing Normal University in
2003. To explore the outside world and - at the same time - to continue her 
studies, she moved to the Netherlands where she enrolled in a Master's 
programme Plant Biology at Utrecht University later that year. In this programme 
she further developed her interests in biology by working on plants, rather than 
manipulating animals herself. In her first research project at the Department of 
Plant Ecophysiology she compared flooding and shade induced petiole 
elongation in two Rumex species and learnt a lot about plant physiology and 
development. Eager to develop her interests in molecular biology, a field that 
first captured her fascination during her undergraduate studies, she embarked 
on a second research project in the Department of Molecular Genetics at Utrecht 
University, doing an activation tagging screen in the Arabidopsisroot looking for 
genes controlling root development. In October 2005 she started a PhD project 
from the Centre for Wetland Ecology that called for knowledge of molecular 
biology, physiology, ecology and evolutionary biology. The project was based at 
Radboud University Nijmegen (Department of Plant Experimental Ecology), and 
performed in cooperation with Utrecht University (Department of Plant 
Ecophysiology) and the University of Amsterdam (Department of Experimental 
Plant Systematics).
144


